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ABSTRACT

COMPUTATIONAL AND EXPERIMENTAL STUDIES OF

sp
3-MATERIALS AT HIGH PRESSURE

M. José A. Flores Livas

Université de Lyon 1, 2012

We present experimental and theoretical studies of sp3 materials at high pressure,

alkaline-earth-metal (AEM) disilicides, disilane (Si2H6) and carbon. First, we review the

thermodynamic phase diagram of pressure and temperature of AEM disilicides. In par-

ticular, we study the case of a layered phase of BaSi2 which has an hexagonal structure

with sp3 bonding of the silicon atoms. This electronic environment leads to a natural cor-

rugated Si-sheets. We demonstrate experimentally and theoretically an enhancement of

superconducting transition temperatures from 6 to 8.9 K when silicon planes flatten out

in this structure. Our extensive ab initio calculations based on density-functional theory

guided the experimental research and permit explain how electronic and phonon properties

are strongly affected by changes in the buckling of silicon plans in AEM disilicides. Second,

we investigated the crystal phases of disilane at the megabar range of pressure. A novel

metallic phase of disilane is proposed by using crystal structure prediction methods. En-

thalpically this structure is more favourable than previously proposed structures of disilane

up to 280 GPa. The calculated transition temperatures yielding a superconducting Tc of

around 20 K at 100 GPa and decreasing to 13 K at 220 GPa. These values are significantly

smaller than previously predicted Tc’s and put serious drawbacks in the possibility of high-

Tc superconductivity based on silicon-hydrogen systems. Third, we studied the sp3-carbon

structures at high pressure through a systematic structure search. We found a new allotrope

of carbon with Cmmm symmetry which we refer to as Z-carbon. This phase is predicted to

be more stable than graphite for pressures above 10 GPa and is formed by sp3-bonds. It is

a wide band-gap semiconductor and has a hardness comparable to diamond. Experimental

and simulated XRD, Raman spectra suggest the existence of Z-carbon in micro-domains of

graphite under pressure.
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INTRODUCTION

Due to an increasing orientation towards environment, the design of recyclable energy de-

vices and energy-saving research is attracting considerable attention. In order to realize

energy efficient materials it is crucial to improve their characteristics, and to realize new

devices using new materials such as high-temperature superconductors and highly efficient

thermoelectric materials. Additionally, these materials have to fulfil imperative needs such

as being environmentally friendly, abundant and technologically applicable from the indus-

trial point of view.

The study of superconductors and thermoelectric materials has always been an active

research field. The ultimate goal is obviously the enhancement of transition temperatures

Tc (in the case of superconductors) and of the figure of merit (in the case of thermoelectric

materials).

Superconductivity represents one of the most interesting and enigmatic phenomenon in

science, and the potential applications of superconductors are numerous. If one would find

a material with a Tc close to ambient temperature, industry and technology could enter

in a revolution changing our life style. Over the past 100 years, the effort of thousands

of researches steadily increased our understanding of superconductors and increased Tc.

However, room temperature superconductivity still remains a dream.

The current state-of-the-art in computational materials science allows to calculate mate-

rial properties using ab initio quantum-mechanical techniques, whose only input information

is the chemical composition of the material. Therefore, the impact in understanding super-

conducting phenomena, and modelling superconducting behaviour, has expanded greatly

over the past two decades. Moreover, since the discovery of the surprising Tc of 39 K in

a chemically simple compound as MgB2,
1 studies of superconductivity entered an era of

enhanced research efforts. The basic electronic, phononic and magnetic structures are an

essential input for theoretical models of superconduction to calculate the transition temper-

ature. These approaches are accurate enough to predict the superconducting state in many

materials. Indeed, once the material is synthesized and Tc is measured very often a good

agreement with theoretical predictions is found.

The central issue in designing superconducting materials concerns the maximization of

Tc. In a phonon-mediated superconductor in order to get a high Tc one generally needs a

substantial interaction between electrons and phonons. In layered materials, the softening

of phonons and the strong anisotropy of the electronic Fermi surface lead to higher tem-

peratures of superconductivity. This is of course an incentive to continue searching 2D-like

systems. Moreover, pressure can also maximize Tc. Early predictions of superconductivity
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in simple elements at high pressures opened new roads towards high temperature supercon-

ductors. Pressure is a simple tool to alter the chemistry and the volume of materials. In

fact, high pressure studies become powerful tools to help physicists to discover new states

of matter, and understand the underlying physics of high pressure phenomena.

Another fundamental problem remaining in condensed matter physics is the theoreti-

cal description of crystals and their prediction for a desirable thermodynamic condition.

Recently, thanks to the use of advanced search algorithms in combination with ab initio

methods, permits to explore low-lying energetic structures not yet synthesized or found in

nature. This methodology has been proved as efficient strategy to screen possible atomic

configurations. And thanks to the increasing development of codes and supercomputers,

more realistic situations can be simulated. Consequently, systems ranging from few atoms to

nanostructures, and even more real-complex materials can be explored.2,3 This dissertation

is focused on the understanding of specific material properties, namely electronic transport

and superconductivity, of alkaline earth metal (AEM) disilicides, disilane compounds and

carbon-based materials.

The outline of Chapters in this dissertation is as follows. Chapter I introduces the

theoretical background and general concepts of phonons and superconductivity. Then, the

theoretical approaches such as density-functional theory (DFT) and density-functional per-

turbation theory (DFPT) ab initio techniques will be briefly explained. Chapter II describes

the underlying theory behind the experimental techniques used. Chapters III and IV are

devoted to study experimentally and computationally the alkaline earth metal (AEM) dis-

ilicides. In particular Seebeck coefficients of semi-metallic structures and superconductivity

of layered compounds. Chapter V reviews the high pressure phases of disilane and the

correct description of their superconducting properties at the megabar range of pressure.

In Chapter VI we will discuss about the carbon allotropes at high pressure. Finally in the

last Chapter, general conclusions of the dissertation are exposed.
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CHAPTER I

THEORETICAL BACKGROUND

In this Chapter we review the theoretical methods used in this dissertation. First, we look

at lattice dynamics of crystals in a simple model of harmonic oscillators based in the adi-

abatic or Born-Oppenheimer approximation.4 We also included a short description of

phonon-drive superconductivity, where we introduced the key concepts of BCS theory,5

Ginzburg-Landau theory,6 Eliashberg theory,7 and McMillian-Allen-Dynes formula-

tion. The third section presents an introduction of the Kohn-Sham formalism of density-

functional theory (DFT).8 At this point we introduce density-functional perturba-

tion theory (DFPT) a perturbative approach for the calculation of response properties.9,10

The last section describes concepts in crystal and phonon symmetry.

I.1 LATTICE VIBRATIONS: PHONONS

Phonons represent the intrinsic vibrations of the lattice. The simplest approach that

can be used to understand these vibrations is the classical harmonic oscillator. First, we

consider a classical Hamiltonian for an harmonic oscillator of mass m and force constant k

H =
p2

2m
+
kx2

2
(I.1.1)

which yields,

mẍ = −kx , (I.1.2)

where x and p denote the amplitude and the linear momentum, respectively. The solution

of this equation yields a continuous and smooth dependence of the energy on the mean

square amplitude of the oscillation, 〈x2〉,

E = mω2〈x2〉 ,

where ω is the frequency of oscillation, ω =
√
k/m. Making this energy equal to the

value derived from quantum-mechanics, E = (n + 1
2 )�ω, with n = 0, 1, 2, ..., we obtain the

quantization for the mean square amplitude, that gives for the zero point vibration, at T =

0, 〈x2〉 = �/2mω. If we consider now a crystal with two atoms per unit cell with reduced

mass μ, μ = (m−1
1 +m−1

2 )−1, and N unit cells, we can derive the corresponding expression

for the vibrational amplitude of a phonon by just summing the contribution of all cells and

substituting m by 2μ.9,11



4 CHAPTER I. THEORETICAL BACKGROUND

〈x2〉 =
�

4Nμω
∝ μ−1/2 , (I.1.3)

which yields the mass dependence of the average amplitude of the atomic displacements.

This example shows that is possible to extract general trends from the harmonic oscillator by

introducing simple quantization arguments in the classical formalism. Another application

of the harmonic oscillator is in the derivation of the Bose-Einstein distribution from the

quantization of the energy and the Boltzmann thermal occupation of levels. If En is the

energy of the n-th level, the average energy is given by

〈E〉 =

∞∑
n=0

Ene
− En

kBT

∞∑
n=0

e
− En

kBT

=

− ∂
∂β

∞∑
n=0

e−βEn

∞∑
n=0

e−βEn

=

− ∂
∂β

∞∑
n=0

e−�ωβ(n+ 1
2
)

∞∑
n=0

e−�ωβ(n+ 1
2
)

, (I.1.4)

where β = 1
kBT and kB is the Boltzmann constant. The sums can be easily evaluated since

they correspond to geometric progressions of ratio less than the unity, yielding
∞∑

n=0
e−β�/2(1+

e−β�ω)−1. The average number of states occupying the n−th excited level, 〈n〉 can be

obtained from the average energy 〈E〉 as follows:

〈n〉 =
〈E〉
�ω

− 1

2
=

−∂
∂β

[
e−β�ω/2(1 − e−β�ω)−1

]
�ωe−β�ω/2(1 − e−β�ω)−1

− 1

2
,

=
1

e−β�ω − 1
, with following limits

⎧⎨
⎩∝ T : T → ∞

= 0 : T → 0

(I.1.5)

here, 〈n〉 is the so-called Bose-Einstein distribution for bosons, and yields the temperature

dependence of the Bose-Einstein distribution.

I.1.1 Harmonic Potential Approximation

Let us start considering a perfect crystal lattice. The Hamiltonian of such a crystal in

absence of external fields is

H = He + Hi + He−i

where He and Hi are the purely electronic and ionic contributions to the Hamiltonian and

He−i is the potential energy representing the interaction between electrons and ions, Ve−i

He = Te + Ve,

Hi = Ti + Vi,

He−i = Ve−i.
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Te,i and Ve,i represent the kinetic and the potential energy for electrons and ions, respec-

tively. This separation of electronic and nuclear motion is known as the adiabatic or

Born-Oppenheimer approximation.4,12 This assumes that the nuclei are so much more

massive than the electrons, that they must accordingly have much smaller velocities. Thus

it is plausible that, on the typical time-scale of the nuclear motion, the electrons relax very

rapidly to the instantaneous ground-state configuration and are able to follow instanta-

neously the movements of the ions. The Born-Oppenheimer ansatz allows us to decouple

the electronic and the ionic parts of the Hamiltonian at the cost of neglecting some terms.

Within this approximation, we write the solution of the Schrödinger equation factorized in

the form Ψ(r,R) = ψ(r,R)φ(R), being r and R the electronic and the ionic positions. The

terms Ψ(r,R) and φ(R) represent the ionic and the electronic parts of the wavefunctions,

respectively.12 The Schrödinger equation can be expressed as

H = (He + Ve−i + Hi)ψφ

= (He + Ve−i)ψφ+ ψHiφ−
∑

i

�
2

2mi

(
φ∇2ψ + 2∇ψ∇φ)

,
(I.1.6)

where mi represents the mass of the i-th ion and where we have substituted in the last

term the kinetic energy of the ions by its corresponding differential operator. The adiabatic

approximation tells us that we can neglect the last term in parenthesis in Eq. I.1.6, leading

to the following equation for the ions.

[Ti + Vi + Ee(R)]φ ≡ [Ti + V (R)]φ = Eφ , (I.1.7)

where Ee(R) is the instantaneous solution to the electronic part of the Hamiltonian for

fixed ionic positions R,

(He + Hei
)ψ = Ee(R)ψ ,

and V (R) is an effective potential energy. Ee(R) represents the adiabatic contribution of

the electrons to the lattice energy.12 For metals the term neglected in this approximation

contributes to the phonon frequency by less than ω(�ω/εF ),13 where εF is the Fermi energy.

For semiconductors or insulators, this term is also negligible since phonon energies are

much smaller than the electronic gap. In general, this contribution amounts to less than

1% of the frequencies. In the case of phenomena where the dynamics of electrons are

directly involved, the adiabatic approximation may not hold and the term neglected in I.1.7

should be properly considered. Relevant physical properties as electric resistance due to

scattering of electrons by phonons: the temperature dependence of energy band gaps in

semiconductors, and formation of the Cooper-pairs in superconductors require to go beyond
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this approximation. As crystals are stable below its melting point, one can further simplify

Eq. I.1.7 by performing a Taylor expansion of the effective potential energy around the

equilibrium positions of the ions

V (R) = V (R0) +
1

2

∑
lκ,l′κ′

∂2V (R)

∂u(l, κ)∂u(l′, κ′)

∣∣∣∣∣
0

u(l, κ)u(l′, κ′)

+
1

3!

∑
lκ,l′κ′,l′′κ′′

∂3V (R)

∂u(l, κ)∂u(l′, κ′)∂u(l′′, κ′′)

∣∣∣∣∣
0

u(l, κ)u(l′, κ′)u(l′′, κ′′) + ... (I.1.8)

V (R) = V0 + V2 + V3 + ...

In the previous Eq. I.1.8 the linear terms are zero, as they are proportional to the

Hellmann-Feynman forces that are zero at equilibrium. We can also expand the electron-

ion potential energy

Ve−i =
∑
lκ

Vκ[R(l, κ), r] ,

in a Taylor series

Ve−i =
∑
lκ

Vκ[R0(l, κ), r] +
∑
lκ

∂Vκ[R(l, κ), r]

∂u(l, κ)

∣∣∣∣∣
0

u(l, κ) +
∑
lκ

∂2Vκ[R(l, κ), r]

∂u2(l, κ)

∣∣∣∣∣
0

u2(l, κ) + ...

where Vκ(R) is the electron-ion potential of the κ-th atomic species, and r denotes the

electrons positions. The first term is actually the lattice periodic potential, and is usually

included in the electronic Hamiltonian, He.

I.1.2 Semiclassical Approach

Lets us consider the expansion of the effective potential energy given by Eq. I.1.8. The

term V0 corresponds to the binding energy of the crystal, which can be set to zero when

solving the lattice dynamical problem. The second term contains all the information about

the lattice dynamics within the harmonic approximation, and can be re-written as

V =
1

2

∑
lκ,l′κ′

∑
α,β

Φα,β

(
l, κ; l′κ′

)
uα (l, κ) uβ

(
l′κ′

)
,

where Φα,β is the second derivative of the potential energy V with respect to the components

of u. It is also called the force constants matrix (the three-dimensional equivalent of the

spring constant in the harmonic oscillator). In the following we will use α, β and γ to
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denote Cartesian coordinates of vectors. The equations of motion become a generalization

of the Eq. I.1.2,

mκüα (l, κ) = −
∑

l′,κ′,α′

Φα,β

(
l, κ; l′κ′

)
uβ

(
l′κ′

)
(I.1.9)

The force constant matrix Φ has two important properties: lattice translational sym-

metry, which allows us to reduce the problem of solving Eq. I.1.9 to a problem with 3n

variables (where n is the number of atoms in the unit cell). And the second, translational

invariance of the crystal, which means that there is no force acting on any atom when all

atoms are equally displaced:

∑
l′,κ′

Φαβ

(
l, κ; l′, κ′

)
= 0

In parallel to these properties, the force constant matrix is symmetric with respect to the

exchange of atomic displacements due to the symmetry of the Hessian matrix of Eq. I.1.8.

Using translational symmetry, Bloch’s theorem allows us to define solutions to the equations

of motion which are linear combinations of Bloch waves depending on a wavevector q :

uα(l, κ) =
1√
mκ

∑
q

ũα (q|κ) ei[q·r(l)−ωt] , (I.1.10)

where r(l) is the equilibrium position vector of the l-th unit cell and ũα(q|κ) are the coef-

ficients of the Fourier expansion of uα(l, κ), that are independent of l. The substitution of

this trial solution in Eq. I.1.9 yields 3n equations of motion,

ω2ũα(q, κ) =
∑
κ′,β′

Dαβ

(
κκ′|q)

ũβ

(
q|κ′) , (I.1.11)

where Dαβ represents the so-called dynamical matrix of the crystal, and is obtained from

Φαβ by making a Fourier transformation

Dαβ(κκ′|q) =
1√

mκmκ′

∑
l′

Φαβ(0, κ; l′κ′)eiq·r(l
′) . (I.1.12)

Non-trivial solutions of Eq.I.1.11 can be obtained by solving the determinantal equation,

|Dαβ(κκ′|q) − ω2δαβδκκ′ |= 0 .

This equation has 3n eigenvalues for a given q, denoted by ω2(q), which represent the

normal modes of vibration. Due to the translational invariance of Φαβ, three of the modes

are degenerate for q = 0 and have zero frequency ωq=0 = 0, since they correspond to rigid
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translations of the crystal along the three independent axis. The relation between ω and

q is called the dispersion relation of the frequencies. There are therefore 3n branches of

these dispersions relations, j = 1, 2, 3, ...3n. Among them we can distinguish 3 acoustical

branches and 3n−3 optical branches, the acoustical being the three branches with the limit

ω = 0 for q = 0. Moreover, for each of the 3n eigenvalues ωj for a given q, there exists a

normalized eigenvector e(qj|κ) defined by

ω2
j (q)eα(qj|κ) =

∑
αβ

Dαβ(κκ′|)eβ(qj|κ) .

These eigenvectors fulfil the orthonormality and completeness relations given by

∑
κα

e∗α(qj|κ)eα(qj′|κ) = δjj′ ,

∑
j

e∗α(qj|κ)eβ(qj|κ) = δαβδκκ′ .

From an experimental point of view, to fully determine the force constants of the sys-

tem one needs to know not only the phonon dispersion relations, but also the eigenvectors.

Furthermore, as the dynamical matrix (Dαβ) is Hermitian, it is assured that the eigenval-

ues ω2 are real. However, under certain conditions (with pressure, temperature or under

strong electronic interactions) some phonon dispersion branches might decrease in value

(frequency) until they become zero. Eventually, these so-called soft modes can formally

lead to negative values of ω2 and therefore to an imaginary frequency ω. This can be un-

derstood from Eq. I.1.10 as an instability of the crystal structure, caused by anharmonic

effects or strong electron-phonon interaction. The existence of soft modes is normally as-

sociated with phase transitions or strong electron-phonon interaction.11,12 Thus, one can

determine the dynamical-structural-stability for a given crystal by calculating the phonon

dispersion relation over the entire Brillouin zone and assuring real frequency values.

I.2 INTRODUCTION TO SUPERCONDUCTIVITY

Superconductivity is the phenomenon of zero electrical resistivity below a certain critical

temperature Tc.
† This characteristic of some metals was discovery a century ago by H.

Kamerlingh Onnes in Leiden.15 Another characteristic of superconductors discovered by W.

Meissner and R. Ochsenfeld is that, below the critical temperature, superconductors show

perfect diamagnetism. In other words, they repeal magnetic fields, a phenomenon called the

Meissner effect.16 These two properties of superconductors are illustrated in Fig. 1.1. In (a)

†A recommended text book in superconductivity is “Introduction to Superconductivity” of Michael Tin-
kham.14
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B=0

B

0

FIG. 1.1: (a) Electrical conductivity of a metal superconductor as function of temperature. Below
Tc the electrical resistivity drops to zero. (b) Temperature dependence of the critical fields. Below
Tc and Hc one finds the superconducting state. (c) Schematic diagram depicting the exclusion of
magnetic flux from the interior of a massive superconductor. Here, λ represent the penetration depth,
normally of the order of a few hundred Å.

The electrical resistivity in metals drops to zero below the transition temperature Tc and

(b) the Meissner effect is destroyed by a critical magnetic field Hc, and this can be related

thermodynamically to the free-energy difference between the normal and superconducting

state at zero field. (c) The exclusion of the magnetic field is screened exponentially from

the interior of superconductors with a depth penetration λ. This quantity, the penetration

depth, is empirically found to be approximately described by λ(T ) ≈ λ(0)[1−(T/Tc)
4]1/2.17

I.2.1 Energy Gap and BCS theory

One of the first steps in the understanding of superconductors was the establishment of

the existence of an energy gap Δ, of order kTc, between the ground state and the quasipar-

ticle excitation of the system. This concept had been suggested by Daunt and Mendelsshon

in 1946 to explain the observed absence of thermoelectric effects in materials at low tem-

peratures.18 Later on in 1956, Bardeen, Cooper and Schrieffer published the BCS5 theory

of superconductivity, in which they proposed that a weak attractive interaction between

electrons, such as that one created in second order by the electron-phonon interaction, can

cause an instability of the ordinary Fermi-sea ground state of the electron gas. This leads

to the formation of bound pairs of electrons occupying states with equal and opposite mo-

mentum and spin.5 The bound pairs are the so-called Copper pairs, and one of the key

predictions of BCS theory was that a minimum energy EBCS
g = 2Δ(T ) should be required

to break a Cooper pair. This Δ(T ) was predicted to increase from zero at Tc to a limiting

value
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EBCS
g (0) = 2Δ(0) = 3.528kTc for T << Tc.

Not only did this result agree with the measured gap widths, but the BCS prediction for

the shape of the absorption edged above �ωg = EBCS
g was also in quantitative agreement

with vast experimental evidence. This provided one of the most decisive verifications of the

microscopic BCS theory. At the heart of this theory is of course the formation of Cooper

pairs. The basic idea is that even a weak attraction can bind a pair of electrons into a bound

state.5 Cooper showed that the Fermi sea of electrons is unstable against the formation of

at least one bound pair, regardless of how weak the interaction is, so long as it is attractive.

The origin of the negative potential attraction Vk,k′ needed for superconductivity, appears

only when one takes the motion of the ions cores into account.14 The physical idea is that

the first electron polarizes the medium by attracting positive ions; these positive ions in

turn attract the second electron, usually in an effective attractive interaction between the

electrons. If this attraction is strong enough to override the repulsive screened Coulomb

interaction, it gives rise to a net attractive interaction, and superconductivity arises. His-

torically the importance of the electron-lattice interaction in explaining superconductivity

was first suggested by Fröhlich in 1950.19 This suggestion was confirmed experimentally

by the discovery of the isotope effect, i.e., the proportionality of Tc and Hc to M1/2 for

isotopes of the same element. Since these lattice deformations are also responsible for what

makes a solid elastic, it is clear that the characteristic phonon frequencies play a role. For

the electronically screened Coulomb interaction, the characteristic frequency is the plasma

frequency, which is so high, that can be concluded instantaneous.12,14 From momentum

conservation, we can expected that if an electron is scattered from k to k’, the relevant

phonon must carry the momentum q = k − k′ and the characteristic frequency must then

be the phonon frequency ωq. As a result, it is plausible that the phonon contribution to the

screening function be proportional to (ω2 − ω2
q)−1. Evidently, this resonance denominator

gives a negative sign if ω < ωq, corresponding to the physical argument above; for higher

frequencies, i.e., electron energy differences larger than �ωq, the interaction becomes repul-

sive. Thus, the cutoff energy �ωc of Cooper’s attractive matrix element −V is expected to

be of the order of the Debye energy �ωD = kΘ, which characterizes the cut-off of phonon

frequencies.20,21

Ginzburg-Landau Theory

The Ginzburg-Landau (GL) theory concentrates entirely on the superconducting elec-

trons rather than on excitations (as BCS teory). It is based on the work of London and

the analysis of non-local electrodynamics proposed by Pippard.17 Ginzburg and Landau

introduced a complex pseudo-wavefunction ψ that describes the superconducting electrons
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and the local density of superconducting electrons, ns = |ψ(x)|2. This theory handled

successfully the so-called intermediate state of superconductors, in which superconducting

and normal domains coexist in the presence of a near critical magnetic field H ≈ Hc. (see

Fig. 1.1.) When first proposed, the theory appeared rather phenomenological and its im-

portance was not generally appreciated.14 However, in 1959 Gor’kov demonstrated that the

GL theory was, in fact, a limiting form of the microscopic BCS theory. Physically, ψ can

be thought of as the wavefunction of the centred of mass motion of the Cooper pairs. The

GL theory re-introduces a characteristic length, or coherence length as,

ξ(T ) =
�

|2m ∗ α(T )|1/2
,

which characterizes the distance over which ψ(r) can vary without undue energy increase.

The ratio of the two characteristic lengths defines the Ginzburg-Landau parameter κ, as

κ =
λ

ξ
.

This is an important measurable parameter in superconductors. Here, λ is the penetration

depth (Meisnner effect), the screened length of the magnetic field in the interior of bulk su-

perconductor [see panel (c) of Fig. 1.1] and ξ is the coherence length of GL theory. In bulk

superconductors λ diverges as (Tc − T )1/2 near Tc, and this dimensionless ratio is approx-

imately independent of temperature. For typical classic superconductors, λ ≈500 Å and

ξ ≈3,000 Å, so κ � 1. In this case there is a positive surface energy associated with a

domain wall between normal and superconducting state. This positive energy surface sta-

bilizes domains in the intermediate state, with a scale of subdivision intermediate between

the microscopic length ξ and the macroscopic sample size. Moreover, in 1957 Abrikosov

published a remarkable paper in which he investigated what would happen if in GL-theory

κ was large instead of small.22 Figure 1.2 illustrates the flux penetration behaviour in type

I superconductors (centre panel) and the decay of ψ of the GL theory (left panel). If ξ < κ,

then we have the reverse situation. First this leads to a negative surface energy, which is

radically different from the classic intermediate-state or type I superconductors. Abrikosov

called these type II superconductors and at the same time showed that the threshold be-

tween two regimes was at κ = 1/
√

2. For materials with κ > 1/
√

2, he found that instead

of a discontinuous breakdown of superconductivity in a first-order transition at Hc (as type

I, see central panel of Fig. 1.2), there was a continuous increase in flux penetration starting

at lower critical field Hc1 and reaching B = H at an upper field Hc2. Figure 1.2 shows a

typical flux penetration of type II superconductors (central panel) with two characteristic

critical fields.
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Type I

Type II

Type I

Type II

FIG. 1.2: Central panel: comparison of flux penetration behaviour of type I and type II super-
conductors with the same thermodynamic critical field. Left and right panels: schematic diagram
of variation of h and ψ in a domain wall. Type I (positive energy wall) for κ � 1 and type II
superconductivity for negative energy wall.14,22

I.2.2 Eliashberg Equations and McMillan’s Formula

Since 1970s, Eliashberg theory is the state-of-the-art in phonon-drive superconductiv-

ity.7 Contrary to BCS, the strong coupling theory of Eliashberg takes into account the

retarded nature of the phonon-induced interaction and treats properly the damping of the

excitations. At the core of the Eliashberg theory is the electron-phonon interaction described

by the spectral function α2F (ω).7 This quantity can be derived from the underlying elec-

tronic structure (the electron bands and density of states), the phonon dispersion curves and

phonon density of states and the electron-phonon coupling constants.14 The general equa-

tion for the electron-phonon spectral density α2F (ω) that enters the Eliashberg equations

is,

α2F (V) =

[
Ωa

(2π)3

]2 1

N(0)�

∑
i

∫
d3kδ(εk)

∫
d3k’ δ(εk’)|gkk’i|2δ[V − ωi(k’-k)] , (I.2.1)

where Ωa is the atomic volume, εk is the energy of the Bloch state ψk with band index

implied in the momentum label k, i is a phonon branch index with ωi(k’-k) and gkk’i is the

phonon-electron matrix element. The two Dirac delta functions depending on the energy

limit the integrations over momentum to the Fermi surface, and the Fermi energy has been

taken to be zero. Finally the single-spin density of state is,

N(0) =
Ωa

(2π)3

∫
d3k δ(εk) =

Ωa

(2π)3

∫
FS

dSk

|�Vk|
.

This integration is over the Fermi surface only, where dSk is an element of the Fermi surface

area and Vk is the Fermi velocity. The electron-phonon matrix element is related to the
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matrix element of the gradient of the crystal potential and the phonons through

gkk’i = 〈ψk|εi(k − k’) · ∇V |ψk’〉
[

�

2Mωi(k-k’)

]1/2

,

where M is the ion mass, V is the crystal potential, and εi(k) is the polarization vector

for the (ik)th phonon mode. Under a number of assumptions and approximations the

Eliashberg equations are written as a set of two non-linear equations for the gap Δ(iωn)

and renormalization factors Z(iωn) on the imaginary Matsubara frequency axis, †

Δ(iωn)Z(iωn) = πT
∑
m

[λ(iωm − iωn) − μ∗(ωc)θ(ωc − |ωm|)] (I.2.2)

× Δ(iωm)√
ω2

m + Δ2(iωm)

and

Z(iωn) = 1 +
πT

ωn

∑
m

λ(iωm − iωn)
ωm√

ω2
m + Δ2(iωm)

(I.2.3)

In order to solve Eqs. I.2.2 and I.2.3 and to get an estimate for Tc, one needs to know the

inputs parameters, α2F (Ω) and μ∗. McMillan and Rowell where the first who investigated

the form of this electron-phonon spectral function in tunnelling data experiments, and

derived a formula to approximate Tc within an accuracy of ∼ 1% based in strong coupling

theory. They proposed the formula as,

Tc =
ΘD

1.45
exp

[
− 1.04(1 + λ)

λ− μ∗(1 + 0.62λ)

]
, (I.2.4)

where ΘD is the Debye temperature, which was initially used for the characteristic phonon

frequency on simple metals, and λ is defined as,

λ = 2

∫
α2F (ω)dω . (I.2.5)

Allen and Dynes introduced further corrections to the formula proposed by McMillan, in

particular ΘD was replaced by Ωlog that is defined as,

Ωlog = exp

⎡
⎣2

λ

∞∫
0

ln(ω)
α2F (ω)

ω
dω

⎤
⎦ . (I.2.6)

The formula to calculate the transition temperature obtained by McMillan and Rowell is

much more precise that the one obtained from BCS theory,

†For details, see derivations in the review of Carbotte.23
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TBCS
c = 1.14 < |ω| > exp

( −1

N(0)V

)
.

The McMillan’s formula has been extremely popular for the prediction of Tc in many

compounds and using these equations one can compute from first principles the transition

temperature for a given material. In fact, we can use them even for the prediction of su-

perconductivity in systems not yet synthesized or under extreme conditions not yet reached

experimentally.

I.3 AB-INITIO TECHNIQUES

In 1964, Walter Kohn and Pierre Hohenberg introduced density-functional theory

(DFT).8 In this pioneer work they proposed the electron density n(r) as the fundamen-

tal variable, and at the same time they proved the existence of an exact ground state

energy functional, E[n(r)], and a variational principle based on it. For fixed nuclear po-

sitions, the ground-state energy is the lowest possible energy that can be obtained from a

search over all valid densities. Thus, the density that yields the ground state energy is the

ground state density.8,24 Nowadays, the so-called Kohn-Sham DFT represents one of the

most advanced tool in Computational Physics, and proved to be a very efficient method

to calculate energies, forces, etc. This theory is widely used both in Quantum Chemistry

and Condensed Matter Physics.25–27 Currently, Kohn-Sham DFT is routinely performed on

systems of hundred of atoms where one can explore the potential energy surface, compute

the response of the systems to small perturbations, etc. An accurate calculation of the

total energy allows us to obtain electronic band structures of crystals and get insights in

electronic and magnetic properties. The failures and limitations remaining in DFT are as-

sociated principally with deficiencies in the exchange and correlation functional. However,

the major drawback of DFT is that it is a theory for non-degenerate ground-states, and

therefore many interesting properties are beyond its reach. There are several extensions of

basic DFT that were proposed over the past years to solve this problem. For example, the

time-dependent DFT of Runge and Gross, 28–30 or even DFT for superconductors (proposed

by Oliveira, Kohn and Gross).31 Alternatively, one can have access to those properties using

many-body methods such as GW theory.32
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FIG. 1.3: Iterative flow chart of the self-consistent loop for the solution of Kohn-Sham equations.25

I.3.1 Density-Functional Theory

Here, we give a brief description of the equations that lie at the heart of DFT. We will

only introduce the main equations and highlight the principal concepts.† KS-DFT ab initio

codes usually solve the Kohn-Sham equations,

[
−1

2
∇2 + υKS [n](r)

]
ψi(r) = εiψi(r) , (I.3.1)

where υKS[n] represents the Kohn-Sham potential which has a functional dependence on

the electronic density n, defined in terms of the Kohn-Sham wavefunctions:

n0(r) =
occ∑
1

|ψi(r)|2 . (I.3.2)

The potential υKS is defined as the sum of the external potential (normally the potential

generated by the nuclei), the Hartree term and the exchange and correlation (xc) potential

υKS[n](r) = υext(r) + υHartree[n](r) + υxc[n](r) . (I.3.3)

The standard procedure to solve this equation is iterating until self-consistency is

achieved. The flow chart of the self-consistent steps is depicted in Fig. 1.3. Usually one

starts the iterative procedure with a well behaved guess for the density, n0(r), but in prin-

ciple, any positive function normalized to the total number of electrons should work. Other

options include to construct n0(r) from a sum of atomic densities, as n0(r) =
∑

α nα(r−Rα),

where Rα and nα represent the position and atomic density of the nucleus α. For an atom,

† Specialized books of ab initio-electronic methods and DFT include those of R. Martin, F. Nogueira et

al., and E. Economou.25–27
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a convenient choice could be the Thomas-Fermi density. We can then evaluate the Kohn-

Sham potential (see I.3.3) with this density. Each of the components of υKS is calculated

separately and each one of them poses a different numerical problem. The external potential

is typically a sum of nuclear potentials centred at the atomic positions

υext(r) =
∑
α

υα(r − Rα) (I.3.4)

In some applications, υext is simply the Coulomb attraction between the bare nucleus

and the electrons, υext(r) = −Zα/r, where Zα is the nuclear charge. Often it is a sum of

pseudopotentials. The next term in υKS is the Hartree potential,

υHartree(r) =

∫
d3r′

n(r′)

|r − r′| (I.3.5)

There are several different techniques to evaluate this integral, either by direct integra-

tion or by solving the equivalent differential (Poisson) equation,

∇2υHartree(r) = −4πn(r) .

Finally, we have the xc potential, which is formally defined through the functional derivative

of the xc energy:

υxc(r) =
δExc

δn(r)
. (I.3.6)

There are hundreds of approximate xc functionals in the literature. But the first to be

proposed and, in fact, the simplest is the local-density approximation (LDA).33

υLDA
xc (r) =

d

dn
εHEG(n)

∣∣∣∣∣
n=n(r)

, ELDA
xc =

∫
d3rεHEG(n)

∣∣∣∣∣
n=n(r)

,

where εHEG(n) stands for the xc energy per unit volume of the homogeneous electron gas

(HEG) of constant density n. Note that εHEG(n) is a simple function of n, which was

tabulated for several densities using Monte Carlo methods by Ceperley and Alder and later

parametrized by a series of authors.33 In the case of the generalized gradient approximations

(GGA) the functional has a similar form, but now ε does not depend solely on the density n,

but also on its gradient ∇n. The evaluation of the GGA xc potential is also straightforward.

More complicate families of xc functionals will involve dependences on other quantities

like the kinetic energy density (the meta-GGA’s) or the Kohn-Sham orbitals (the orbital

functionals like the exact exchange EXX).†

†Further details in Chapter 2 of Ref.27
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At this point we have the Kohn-Sham potential, and we can solve the Kohn-Sham

equation I.3.1. The goal is to obtain the p lowest eigenstates of the Hamiltonian HKS, where

p is half the number of electrons (for a spin-unpolarized calculation). For an atom, or for any

other case where the Kohn-Sham equations can be reduced to a one-dimensional differential

equation, a very efficient integration method exists. In other cases, when using basis sets,

real-space methods or plane-waves, one has to diagonalize the Hamiltonian matrix, HKS.

One should keep in mind that fully diagonalizing a matrix is a N3 problem, where N is

the dimension of the matrix (which is roughly proportional to the number of atoms in

the calculation). For practical purpose, one does not need to write-down this Hamiltonian

matrix ĤKS, and one usually resorts to iterative methods. The knowledge of how ĤKS

applies to a test wavefunction is then sufficient. These methods also scale much better with

the dimension of the matrix. Nonetheless, diagonalizing the Kohn-Sham Hamiltonian is

usually the most time-consuming part of an ordinary Kohn-Sham calculation. Once the

electronic density from I.3.2 is obtained, the self-consistency cycle is stopped when some

convergence criterion is reached. The two most common criteria are based on the difference

of total energies or densities from iteration i and i− 1.

To accelerate the convergence one uses density mixing schemes, the simplest being linear

mixing. In this method, the density supplied to start the new iteration, n(i+1) is a linear

combination of the density obtained from I.3.2, n′, and the density of the previous iteration,

n(i), as ni+1 = βn′ + (1 − β)n(i), where β is of the order of 0.3. Other methods are

more complex, such as Anderson or Broyden mixing,34 in which n(i+1) is an educated

extrapolation of the densities of several previous iterations.

Finally, at the end of the calculation, we can evaluate several observables, the most

important of which the total energy. From this observable, one can obtain equilibrium

geometries, phonon dispersion curves, or even ionization potentials. In Kohn-Sham theory,

the total energy is given by a contribution of the non-interacting (Kohn-Sham) kinetic

energy, the external potential, the Hartree and the xc energies, respectively.

E = −
occ∑
i

∫
d3rψ∗

i (r)
∇2

2
ψi(r) +

∫
υext(r)n(r)d3r +

1

2

∫
d3r

∫
d3r′

n(r)n(r′)

|r − r′| + Exc ,

or, using the Kohn-Sham equations,

E =
occ∑
i

εi −
∫
d3r

[
1

2
+ υHartree(r) + υxc(r)

]
n(r) + Exc . (I.3.7)

This is the formula implemented in most DFT codes. For geometry optimization or

nuclear dynamics, one needs to add to the total energy a repulsive Coulomb term that

accounts for the nucleus-nucleus interactions.



18 CHAPTER I. THEORETICAL BACKGROUND

I.3.2 Density-Functional Perturbation Theory

It is nowadays possible to calculate the lattice-dynamical properties relatively easily

for a vast number of systems. The interest of phonon calculations in metals and semi-

conductors arises from the possibility of access valuable information concerning transport

properties, such as thermal conductivity, electrical conductivity and especially superconduc-

tivity. Besides phonon dispersion curves, we can calculate electron-phonon coupling matrix

elements, the Eliashberg spectral function, and superconducting transition temperatures for

materials. Thanks to the development of density-functional perturbation theory (DFPT)

these calculations are routinely performed using ab initio quantum-mechanical techniques

based on the linear-response theory of lattice vibrations.9,10,35,36 In this section we give an

overview of linear-response phonon calculations.

We used in section I.1.2 the adiabatic approximation of Born and Oppenheimer4 which

allows to decouple the vibrational from the electronic degrees of freedom in a solid. Within

this approximation, the lattice-dynamical properties of a system are determined by the

eigenvalues ε and eigenfunctions Φ of the Schrödinger equation,

[
−

∑
I

�
2

2MI

∂2

∂R2
I

+ E(R)

]
Φ(R) = εΦ(R) , (I.3.8)

therefore, the calculation of phonon dispersions relation requires to solution of the equation,

det

∣∣∣∣∣ 1√
MIMJ

∂2E(R)

∂RI∂RJ
− ω2

∣∣∣∣∣ = 0 , (I.3.9)

where RI is the coordinate of the Ith nucleus, MI its mass, R ≡ {RI} the set of all nuclear

coordinates, and E(R) the clamped-ion energy of the system, which is often referred to as

the Born-Oppenheimer energy surface. In practice E(R) is the ground state energy

of a system of interacting electrons moving in the field of fixed nuclei. Calculation of

the equilibrium geometry and of the vibrational properties of a system is accomplish by

computing the first and second derivatives of its Born-Oppenheimer energy surface. Then,

using the Hellmann-Feynman theorem,37,38 which states that the first derivative of the

eigenvalues of a Hamiltonian, Hλ, that depends on a parameter λ is given by the expectation

value of the derivative of the Hamiltonian,

∂Eλ

∂λ
=

〈
Ψλ

∣∣∣∣∣∂Hλ

∂λ

∣∣∣∣∣Ψλ

〉
, (I.3.10)

where Ψλ is the eigenfunction of the Hamiltonian, corresponding to the Eλ eigenvalue:

HλΨλ = EλΨλ. In the Born-Oppenheimer approximation, nuclear coordinates act as pa-

rameters in the electronic Hamiltonian, and the force acting on the Ith nucleus in the
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electronic ground state is thus

FI = −∂E(R)

∂RI
= −

〈
Ψ(R)

∣∣∣∣∣∂HBO(R)

∂RI

∣∣∣∣∣Ψ(R)

〉

where Ψ(r, R) is the electronic ground-state wavefunction of the Born-Oppenheimer Hamil-

tonian. This Hamiltonian depends on R via the electron-ion interaction that couples to the

electronic degrees of freedom only through the electron charge density. The Hellmann-

Feynman theorem states in this case,

FI = −
∫
n(r)

∂VR(R)

∂RI
dr − ∂EN(R)

∂RI
,

where VR =
∑

iI
ZIe2

|ri−RI |
is the electron nucleus interaction, and nR is the ground-state

electron charge density corresponding to the nuclear configuration R. The Hessian matrix

of the Born-Oppenheimer energy surface appearing in Eq. I.3.9 is obtained by differentiating

the Hellmann-Feynman37,38 forces with respect to nuclear coordinates,

∂E2(R)

∂RI∂RJ
≡ − ∂FI

∂RJ
=

∫
∂nR(r)

∂RJ

∂VR(r)

∂RI
dr +

∫
∂2VR(r)

∂RI∂RJ
nR(r)dr +

∂2EN(R)

∂RI∂RJ
. (I.3.11)

The calculation of the Hessian matrix of the Born-Oppenheimer energy surfaces (or

matrix of the interatomic force constants) requires the calculation of the ground-state elec-

tron charge density nR(r) as well as of its linear response to a distortion of the nuclear

geometry,36 ∂nR(r)/∂RI . Of course we assumed that the external potential acting on the

electrons is a differentiable function of a set of parameters, λ ≡ {λi}, λ ≡ RI (in the case of

lattice dynamics). In crystalline solids the nuclear positions appearing in the interatomic

force constants Eq. I.3.9 are labelled by an index I, which indicates the unit cell l to which

a given atom belongs and the positions of the atom within that unit cell I ≡ {l, s}. The

position of the Ith atom is,

Rl ≡ Rl + τs + us(l) .

Where Rl is the position of the lth unit cell in the Bravais lattice, τs is the equilibrium

position of the atom in the unit cell, and us(l) indicates the deviation from equilibrium

of the nuclear position. Because of translational invariance, the matrix of the interatomic

force constants (Eq. I.3.11) depends on l and m only through the difference R ≡ Rl −Rm,

Cαβ
st (l,m) ≡ ∂2E

∂uα
s (l)∂uβ

t (m)
= Cαβ

st (Rl − Rm) ,
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where the Greek superscripts indicate Cartesian components. The Fourier transform of

Cαβ
st (R) with respect to R, C̃αβ

st (q) can be seen as the second derivative of the Born-

Oppenheimer energy surface (Eq. I.3.11) with respect to the amplitude of a lattice distortion

of definite wave vector,

C̃αβ
st (q) ≡

∑
R

e−iq·RCαβ
st (R) =

1

Nc

∂2E

∂u∗αs (q)∂uβ
t (q)

,

where Nc is the number of unit cells in the crystal, and the vector us(q) is defined by

the distortion pattern, RI [us(q)] = Rl + τs + us(q)e−iq·R. The phonon frequencies ω(q)

are the solutions of the equation,

det

∣∣∣∣∣ 1√
MsMt

C̃αβ
st (q) − ω2(q)

∣∣∣∣∣ = 0 (I.3.12)

Translational invariance can be alternatively stated in this context by saying that a

lattice distortion of wave vector q does not induce a force response in the crystal at wave

vector q’ �= q. Due to this property, interatomic force constants are most easily calculated

in reciprocal space and, when they are needed in direct space, can be readily obtained by

Fourier transform.

Third-order derivatives of the total energy can be obtained from the first-order

derivatives of the wavefunctions. This is due to the 2n + 1 theorem that is consequence

of the variational principle in Quantum Mechanics, and that was proved within DFT by

Gonze and Vigneron in 1989.39 Observable quantities that can be obtained from third-

order derivatives are, for example, third-order anharmonicites, phonon-phonon scattering,

phonon lifetimes, infrared and (off-resonance) Raman cross sections, thermal properties,

etc. One such response property of particular interest for the study of materials are Raman

intensities.

Born and Huang40 derived an expression that reduces the computation of the integral

Raman intensities to the evaluation of the imaginary part of the linear Raman-susceptibility.

The Kramers–Kronig transformation of the Huang and Born expression yields,41

Ii,γβ =
2π�(ωL − ωi)

4

c4ωi
[n(ωi) − 1](αi,γβ)2 (I.3.13)

In this expression the polarization is along γ, and field along the direction β, for the

i-mode and ωL is the laser frequency of the excitation source, n(ω) − 1 represent the Bose

occupation number,

n(ω) − 1 =

[
1 − e

(
−�ωi
κβT

)
]−1
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where ωi the frequency of mode i, kB the Boltzmann constant and αi,γβ, the Raman tensor

susceptibility is defined as

αi,γβ =

√
Ω

4π

∑
nγi

Riαβ,nγeinγM
−1/2
n with, Riγβ,nν =

∂εγβ(ωL)

∂uinν
, (I.3.14)

where Mn is the mass of atoms, einγ is the eigenvector of the dynamical matrix, and Ω is the

unit cell volume.41,42 The matrix Raman tensor susceptibilities can be calculated from first

principles using DFPT.36,43–45 Two cases have to be distinguish, Eq. I.3.13 is applicable to

an oriented single crystal; in the case of a powder, one needs to average the intensity over

the possible directions of the crystallites,41,42 then, the final expressions are,

G
(0)
i =

1

3
(αixx + αiyy + αizz)

2 ,

G
(1)
i =

1

2

[
(αixy − αiyx)2 + (αixz − αizx)

2 + (αizy − αiyz)
2
]
,

G
(2)
i =

1

2

[
(αixy + αiyx)2 + (αixz + αizx)2 + (αizy + αiyz)

2
]
+

1

3

[
(αixx − αiyy)

2 + (αixx − αizz)
2 + (αiyy − αizz)

2
]
.

The reduced intensity for a polarized ‖ and depolarized ⊥ light beam in a back scattering

geometry is,

Ipowder
i‖ ∼ (ωL − ωi)

4 1 + n (ωi)

30ωi

[
10G

(0)
i + 4G

(2)
i

]
,

Ipowder
i⊥ ∼ (ωL − ωi)

4 1 + n (ωi)

30ωi

[
5G

(1)
i + 3G

(2)
i

]
,

Ipowder
iTOT = Ipowder

i‖ + Ipowder
i⊥ .

Applying this expression for each of the Raman active i (of the 3N − 3) optical modes

for a solid at q = 0, one can build a spectra by convolution with Lorentzian or Gaussian

functions. We should keep in mind that the full width at half mean (FWHM, Γi) is a

parameter independent of the intensity and that is related directly with sample quality,

experimental conditions and anharmonic effects in materials. We used this expression to

construct the Raman spectra of carbon allotropes under pressure. Further details can be

found in Chapter VI.
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I.4 CRYSTAL AND PHONON SYMMETRY

Symmetry is a fundamental property often used in the mathematical description of

nature and is one of the most complex and elegant fields in physics. In fact, symmetry is

found everywhere: from electronic transitions inside atoms, to the arrangement of atoms,

to the vibration modes of arranged atoms, molecules, cells, up to large scale symmetry

in planets, galaxies and the universe. Thanks to it, many laborious calculations in Solid

State Physics can be greatly simplified We review in this section some concepts of crystal

symmetry and elements of phonon symmetry; fundamental for the development of this

Thesis.

In crystallography there are only 230 ways to describe how identical objects can be

arranged in orderly arrays in an infinite three-dimensional lattice network. We refer to this

object as a crystal, an ordered state in which positions of the nuclei are repeated periodically

in space. The description of the entire crystal is therefore based on the lattice and the motif.

If one applies translations to the lattice, the result is the characteristic and well-known

14 Bravais cells. Including a proper set of operations inside the motif, 32 point group can

be discriminated.46,47 The point group is then, the description of an ensemble of symmetry

operations for a given lattice, and as group must fulfil certain mathematical requirements.

Therefore, the combination of all available symmetry operations in the point groups (mir-

rors, fractional translations, glides and screws) with the Bravais translations leads to exactly

230 combinations, the 230 space groups in crystallography.† The crystal symmetry is then

the classification of certain motif (atom) arranged in space. There are two common nomen-

clatures to describe space groups in crystallography, the Schönflies notation (very often

used in Chemistry) and the international notation known as Hermann-Mauguin notation

(frequently used in Solid State Physics). Point groups in both notations are tabulated in

crystallographic actas together with the 14 Bravais cells and the resulting 230 space groups.

In this work we used International Table-A (ITA) to describe crystal systems and symmetry

operations.47

For phonons, the normal modes of vibration of a crystal are labelled by a wave vector k

and by a branch index i. The symmetry description of phonons in crystals is given Sfrom

the analysis of the eigenvectors {e(κ|ki)} which are obtained from the Hermitian matrix

{Dαβ(κκ′|k)}, the Fourier-transformed dynamical matrix. The eigenvectors {e(κ|ki)} of

this matrix describe the displacement pattern of the atoms comprising the crystal when

they are vibrating in the mode (ki).48 Knowledge of the forms of these eigenvectors and

of their transformation properties under the symmetry operations is often useful for the

†No co–representations of magnetic space groups are included.
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FIG. 1.4: Mulliken symbols used for describe phonon vibrations in solids. A represents vibration
on-phase, B anti-symmetric vibrations, E doubly degenerate mode and T triply degenerate mode.

solution of certain types of lattice dynamical problems. Among these, for example, is the

establishment of selection rules for processes such as two-phonon lattice absorption and the

second-order Raman effect, or phonon-assisted electronic transitions.48–50 The use of group-

theoretical arguments greatly simplifies the determination of the form of the dynamical

matrix for a crystal and of its eigenvector. Furthermore, the Mulliken symbols are used to

label the discriminated vibrations and identify the irreducible representation of the modes.

The symbols for describing phonon vibrations are: A, B, E, and T.

Fig. 1.4 illustrates examples of eigenvectors for different modes. A is a 1-D represen-

tation for degenerate states that is symmetric (vibration on-phase) with respect to the

rotation around the principal axis; B is a 1-D representation of a degenerate state which is

anti-symmetric with respect to rotation around the principal axis; E indicates a 2-D rep-

resentation of doubly degenerate modes with two sets of atom vector displacements and T

is a 3-D representation of triply degenerate modes with three sets of atom vector displace-

ments. Subscripts in the symbols provide further information about vibration with respect

to certain symmetry operations.47,50 During the development of this work, the use of crystal

and phonon symmetry was key to understand our experimental results and guide further

experiments.
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CHAPTER II

BACKGROUND OF EXPERIMENTAL TECHNIQUES

This Chapter comprises an introduction to high pressure and spectroscopy techniques to

characterize materials. The Chapter is divided in two parts: the first part describes high

pressure techniques to synthesize materials and the second part gives an overview of the

physics behind characterization techniques. The ensemble of experimental work includes

the use of techniques such as: belt apparatus, diamond anvil cell (DAC), Raman scattering,

X-ray diffraction, squid measurements and electrical conductivity. Although the experi-

mental techniques used were mostly available in the Laboratoire de Physique de la Matière

Condensée et Nanostructures, we carried collaborations with other groups at the École Nor-

mal Superior de Lyon, the Université de Montpelier II, and the Université Diderot-Paris

7, that gave us access to experimental measurements to complement our work. Further-

more, during the development of this thesis several proposals were approved to perform

experiments in large facilities, such as neutron diffraction experiments at laboratoire Léon

Brillouin (reactor orphée) CEA Saclay and measures of angle resolved X-ray photo-electron

spectroscopy (ARPES) at synchrotron soleil, in beamline cassiopée.

II.1 HIGH PRESSURE PHYSICS

High-pressure research is now leading to the identification of families of materials with

new technological applications. The experimental progress in this field is remarkable; the

technology developed during the past 40 years permits us to reach pressures of the order

300 GPa in quasi-hydrostatic conditions and to measure physical properties at such pres-

sures. Moreover, it is now relatively easy to reach pressures of tens of giga-pascals without

the use of expensive or complex installations.

Finding ways to achieve higher values of transition temperatures in superconductors

remains a great challenge. High-pressure physics can have a deep impact in the research of

high-Tc superconductors. An interesting example is the case of HgBa2Ca2Cu3O8+δ (known

as the Hg-1234 compound), which is the record holder of the highest Tc at ambient pressure

at around 133 K.51 However, if one applies pressure, the critical temperature can be further

increased to the record-breaking Tc of ∼ 160 K at 30 GPa.52 In fact, this value is the highest

Tc measured so far.† This sharp increase of Tc is a clear evidence of the strong dependence

of Tc on the lattice strains. Therefore, the use of pressure to alter or modify the physical

†There is published work that claims higher values of Tc above 200 K. However, the evidence is weak and
not reproducible. http://www.superconductors.org/200K.htm
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and chemical states of materials is a primary research tool. In fact, simply by reducing the

volume of a substance, one can vary and explore new properties of materials.

Ideally, high-pressure physics aims not only to find new structures with interesting prop-

erties at high pressures (as Tc) but also stabilize them (structures) at ambient conditions.

Moreover, the determination of the existence of new high pressure compounds and the study

of their pressure-temperature phase relations leads to the establishment of new synthetic

routes to materials under metastable conditions. This section describes two different high-

pressure devices used to synthesized materials: the belt apparatus, a press which we used

to acquired metastable phases of alkaline earth metal disilicides at high pressure and high

temperature treatments, and a second device, probably the most known in high-pressure

research, the diamond anvil cell (DAC).

II.1.1 Belt Apparatus Press

The belt apparatus press is one of the most effective high pressure and high temperature

device used in high pressure physics. This apparatus was conceived in 1953 by H. Tracy

Hall at the General Electric Research Laboratory,53,54 and consists in two conical pistons

and a conical shaped chamber (forming a toroidal belt around the sample, where its name)

together with a compressible, sandwich gasket to generate pressure. A belt is capable of

generate pressures of 2 GPa up to 10 GPa, simultaneously with steady state temperatures of

500 K to 2000 K. In left panel of Fig 2.5 we illustrate the core elements of a belt apparatus.

Two conical pistons of tungsten-carbide WC (coloured in light-blue) are thrust into each

other at the end of a conically shaped chamber (coloured in light-grey ) by an hydraulic

press. In our experiments the samples were placed inside a crucible (chemically no reactive

made of h-BN) of a few mm diameter. Then, the crucible itself was placed in an outer tube

of graphite, and this tube was, as well, inserted in an outer large tube made of pyrophyllite.

Finally, it was closed with electrical contacts. In order to avoid metal-metal contacts we

used Teflon gaskets.

In this apparatus the pressure is generated by the advancing piston and is transmitted

to the sample, the pyrophyllite plays the crucial role of pressure transmitting medium. Once

the pressure is stabilized, the sample is heated by the current passing trough the graphite

cylinder (∼ 2 ampères). In addition to transmitting pressure, the pyrophyllite also serves

as thermal and electrical insulation, and teflon rings provide thermal insulation at the end

of the heater-sample tube preventing electrical chunks. Pressures and temperatures were

previously calibrated.† The belt used in our studies covers the range of 2.5 to 5GPa and

†Further details can be found in the work of San Miguel and Toulemonde.55,56
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DAC   (30 GPa, < 300 K)

FIG. 2.5: Left figure: core-scheme of belt-apparatus. Right figure: standard configuration of
opposed diamond anvils.

temperatures from 500 K to 1400 K. The main advantage of this apparatus is the combi-

nation of pressure, temperature and of large volume, which is important for experimental

techniques where large volume of sample is required. This apparatus was used previously to

synthesized clathrates with different magnetic metals as host atoms. However, we oriented

our research to explore high pressure phases of disilicides, principally BaSi2 that is used as

starting material to synthesized clathrates.

II.1.2 Diamond Anvil Cell

The diamond anvil cell (DAC) is probably the smallest apparatus used in the field of

modern high pressure research (it can fit into the palm of the hand). Despite its size

and small sample volume, DAC remains an essential tool for the rapid exploration of

pressure-temperature diagrams and the identification of new phases. This device is capa-

ble of generating megabar pressures on materials of microscopic dimensions and combined

with spectroscopy techniques, in-situ investigations of optical absorption, reflectivity mea-

surements, Raman, Brillouin scattering, XRD, and IXS are possible. Recently, electrical

and magnetic susceptibility measurements were performed in DAC under pressure and low

temperatures.57 DAC had considerable success identifying new elemental superconductors

and new phase transitions in a series of elements and compounds which are not supercon-

ducting at ambient conditions of pressure.58 The principle of the DAC is simple: a sample

(few microns) is placed between two opposite diamond flat facets. Figure 2.5 illustrates
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the standard configuration of a DAC. An important element present in all configurations is

the metallic gasket. This element serves two basic functions, it avoids the direct contact of

the culet† in diamonds, and it restricts the volume of the chamber; restricting the pressure

reached in the experiment.59,60 In our experimental set-up we used iconel gaskets with a

150-120μ hole drilled. The determination of the pressure in a DAC’s experiment is normally

verified by ruby luminescence, placing 2 or 3 ruby chips in the compression chamber and

measuring the luminescence at each stage of pressure. This method can be used up to

pressures of 90 GPa. Beyond this limit, in order to determined the pressure one requires

an extrapolation of the equation of state (EOS) of simple fcc metals like Pt, Au, Ag or Re

measured by XRD.

II.2 CHARACTERIZATION TECHNIQUES

Characterization techniques are of capital importance in condensed matter physics. An

accurate determination of the properties of matter is acquired by perturbing the system

with probes (as one does with theoretical methods) and by measuring its response. The

widely used probes in experiments are: photons (lasers, X-rays) electrons, positrons, muons,

neutrons, atoms and ions, etc. In some cases the perturbation can also be performed by

varying the pressure and temperature. In that case the information obtained is of major

interest but largely complex.

The crystal structure of a system is experimentally determined from their characteristic

diffraction pattern. We used X-ray diffraction (XRD) to determined the crystal structure of

our materials and to confirm theoretical predictions. Moreover, we performed electrical and

magnetic susceptibility measurements in order to obtain information about the electronic

states. The lattice vibrations were measured with spectroscopy techniques such as Raman

scattering. Furthermore, Raman spectroscopy combined with diamond anvil cells allow us

to measure the vibrational properties of solids under pressure.

II.2.1 X-ray Diffraction

In this section we review basic concepts of X-ray diffraction in infinite crystals. The

lattice structure of a crystalline solid can be determined experimentally by elastic scattering

of X-rays or neutrons. Photons (X-rays), being neutral, interact weakly with solids and,

having a wavelength comparable with the spacing between atoms, are ideal for penetrating

in solids and construct interference patterns. In this case, the Bragg relation is used to

describe the constructive scattering pattern of the crystal lattice.

†In jewellery, the point on the bottom of a diamond’s pavilion is called a culet.
From French: –la partie inférieure d’une pierre précieuse.–
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Atoms

FIG. 2.6: Left: incident ki and diffracted kf beam, construct an interference pattern for nλ =
2dsin(θ). Right: obtained pattern of LaB6 sample used to calibrate experimental machine-parameters
for Rietveld refinement.

Consider an incident beam of X-rays (electromagnetic radiation having typical wave-

lengths of 0.3-1.8 Å) that is reflected by a family of atomic planes. The path difference

between neighbouring planes causes a phase difference between the diffracted beams. Thus,

the reflected radiation will show constructive and destructive interference, the Bragg relation

is

nλ = 2dsin(θ) .

This relation predicts that constructive interference only occurs if the ratio between

the phase difference and the wavelength is an integer value of n (see in Fig. 2.6). In this

formula θ is an experimental measured variable and is the angle between the incident or

the reflected beam and atomic planes. Assuming elastic scattering, incident and reflected

beams must keep the same wavelength λ. Finally, d is the spacing between planes. † In

order to characterized the structure of materials studied in this work. Experimental X-

ray diffraction were performed in θ − 2θ using 2 different geometries of the spectrometer,

Bragg-Brentanno and Debye-Scheer configuration. In the first case we used a Bruker D8

Advance powder diffractometer with the Kα1,2 of Cu as wavelength and the second machine

used a Xcalibur-Oxford model X with an excitation source of Mo,Kα1. The measurements

were performed at the Centre de Diffractomètrie Henri Longchambon at the University of

Lyon. As an example, we show in right panel of Fig. 2.6 a characteristic diffraction pattern

acquired in Debye-Scheer geometry for LaB6 at ambient conditions. This sample was used

to set parameters required for the Rietveld refinement of the XRD spectra.

†For a detailed description of scattering phenomena in solids, consult Ashcroft-Mermin’s book.61
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II.2.2 Low Temperature Electrical Resistivity

The temperature dependence of the electrical resistivity provides fundamental infor-

mation on the physical properties of materials. A characteristic property of metals is the

electrical conductivity (σe) or resistivity (ρe = 1/σe) and the evolution of this quantity with

temperature reflects the intrinsic scattering mechanism in the system. For metals, infor-

mation regarding conduction bands can be obtained and for semiconductors, information

concerning valence bands and energy gap (Egap) is acquired. This section describes common

scattering mechanism present in materials.

In the framework of a single conduction band and above the temperature of Debye ΘD,

the electron-electron scattering dominates (electrons scatter off each other via a screened

Coulomb interaction). This scattering has been predicted to give a resistivity proportional

to T . However, below the Debye temperature, the quantized lattice vibrations interact with

electrons giving arise to elementary process of type k + q � k′. Then, at low temperatures

the electron-electron scattering is reduced because of the conservation of crystal momentum

and the smallness of q (on average q is the energy of scattered phonons at low temperature).

Thus, electrons can only be scattered through a small angle and this reduces drastically

resistivity in metals as temperature goes down. Electrical resistance varies approximately

according to the law

ρ ∝ Tm, for T < ΘDx, and 0 < m < 5 . (II.2.1)

The scenario is much more complicated at low temperatures than the simple regime

at high temperatures. At low temperatures electrical conductivity in metals depends on

many factors that adjust the power m of T in Eq. II.2.1. For instance, factors as the shape

and area of the Fermi surface, the effective mass of conduction bands, impurities (sample

quality) and the interaction of electrons and phonons (among other factors) play a crucial

role.12 Furthermore, the comparison of experimental measured curves with a more formal

theoretical framework is far to be trivial. There are several factors that alter and contribute

to the scattering process such as, impurity scattering, lattice scattering, surface scattering,

piezoelectric scattering, and alloy scattering. This latter is of capital importance specially in

the case of binary compounds, because different effective masses change the distribution of

electron velocities at the Fermi surface. In order to account correctly for electron mobility,

and therefore for the scattering mechanism in materials, we can use the Matthiensen rule

to build a sum of scattering process as,

ρs(T ) = ρ0(T ) + ρe−p(T ) + ρm(T ) ,
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where ρ0 represents the residual (finite) scattering (defects) of a system in the normal

state, ρe−p accounts for scattering of conduction electrons by quantized lattice vibrations

(phonons), and ρm is introduced for magnetics impurities. However, in our case we neglect

this term since non magnetic elements are studied. In the same spirit, resistivity coming

from the scattering of conduction electrons by phonons as function of temperature can be

accounted by the Bloch-Grüneisen equation,

ρs(T ) = ρ0 + (m− 1)ρ′ΘD

(
T

ΘD

)m ∫ ΘD/T

0

xmex dx

(ex − 1)2
. (II.2.2)

This equation is used to fit experimental curves of resistivity as a function of tempera-

ture. The residual resistivity ρ0 accounts for lattice defects (in the normal state), ΘD is the

Debye temperature and ρ′ is a temperature coefficient of resistivity that can be expressed

as

ρ′ =
6πkBλtr

2N(0)�e2〈υ2
F 〉

,

where N(0) is the electron density of states (eDOS) at the Fermi level, 〈υ2
F 〉 is the mean-

square electron velocity at the Fermi surface, λtr is a dimensionless constant for electrical

transport and kB is the Boltzmann constant. From this relation one obtains experimental

information of quantities that can be calculated by ab initio approaches. Experimentally

we carried out electrical measurements in different samples (semiconducting and metallic)

in order to elucidate the scattering mechanism dominating in our materials. Samples were

prepared by high pressure and high temperature synthesis. Parallelepiped shaped blocks

were prepared and metallic contacts pasted with silver epoxy and dried on argon atmosphere.

We used a conventional four-probe method to measure the electrical conductivity. The

sample holder was placed in a vacuum jacket Dewar with an He compressor that cooled

down to 15 K. Calibrated resistances in good thermal contact were used to measure the

temperature. The experimental set-up allows to apply pressure in samples using an He

compressor of three stages. The pressure reached is of the order of 400 kbar.†

†Further details of the experimental set-up can be found in the work of Caillier, San Miguel, et. al.62
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II.2.3 Raman Scattering

Raman scattering is a powerful spectroscopy used to study the intrinsic vibrational

states of a crystal. This technique is based on the analysis of inelastically scattered light.

The source of the Raman process is the scattering from optical modes of quasiparticles:

normally optical phonons, but also optical magnons, plasmons and eventually localized

electronic excitations can contribute to this process.49,50

Raman scattering is originated by the change in polarizability of molecules or the change

in susceptibility of crystals by excited quasiparticles. In the quantum-mechanical model,

the Raman process is the simple excitation of an electron by a photon. In this picture,

the scattering geometry is determined by momentum conservation as shown in panels (a)

and (b) of Fig. 2.7. The corresponding mathematical relationships are �ωi = �ωs ± �Ω

and �κi = �κs ± �q, where the subindex i and s refer to scattered and incident light. The

“+” sign is for phonon generation and “-” is for absorption. An important remark is that

incoming scattering can only occur for quasiparticles with small values of q, as compared

to the size of the Brillouin zone. For a backscattering configuration of 180◦ the maximum

allowed value of q is obtained. It is related to ki and ks by qmax = κi +κs ≈ 2κi. Since κi is

of the order of 105 cm−1, in the visible spectral range only scattering with phonons from the

centre of the Brillouin zone with q ≈ 0 are allowed. Moreover, depending on whether the

quasiparticle is absorbed or emitted the process can be classified as anti-Stokes or Stokes

scattering.

To calculate the probability of two optical transitions (absorption followed by emission)

second-order perturbation is required. † Here, we treat only the vibrational part explicitly

by evaluating the matrix element for transitions between the initial state i and the final

state f . For a scattering process the transition is driven by the polarization induced by

light P = χε0E . The matrix element has therefore the form,

Pfi = 〈f |P |i〉 = 〈f |ε0χE|i〉 . (II.2.3)

Since 〈f | and 〈i| are generalized wevefunctions the integration runs over all electronic and

nuclear coordinates. If the wavelength of light is much larger that the interatomic distances,

the electric field can be considered to be constant in II.2.3, so that we can extract from the

equation a generalized form of the susceptibility known as the transition susceptibility,

[χmn]fi = 〈f |χmn|i〉 . (II.2.4)

The left part of this equation is a material-specific quantity determined by electronic orbitals

†Advanced textbooks of spectroscopy as Hollas or Kuzmany are recommended for further details.50



32 CHAPTER II. BACKGROUND OF EXPERIMENTAL TECHNIQUES

GrStI. state i

Intermediate state

Final state f
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FIG. 2.7: (a) Momentum conservation for the light-scattering process with generation of a phonon.
ki, ks and q: wavevector for incident, scattered, and phonon, respectively. (b) Energy diagram level
of a Raman process, where the final state is reached from the initial state via an intermediate state.
This state differs from the initial state by the generation or absorption of a quasiparticle with energy
�Ω. (c) Energy diagram of Fano interference between the excitation from the ground state (GrSt)
to a discrete level s and to a continuum ε′.

in the crystal. If the final and the initial states are both a ground state and if one applies

the adiabatic approximation, Eq. II.2.4 yields the susceptibility as4,50

[χmn]fi =

∫
�∗f (X)ρ∗f (x,X)χmnρi(x,X)�i(X)dxdX , (II.2.5)

First we consider the integration over electronic coordinates x. The wavefunctions are

factorized for electrons ρ and for atoms �. Assuming that the final and initial electronic

state are the same renders for this integral the electronic part χmn(X) of the transition

susceptibility. Without using the Condon approximation in Eq. II.2.5, the susceptibility

still depends on the nuclear positions X. If we introduce normal coordinates Qk, we can

expand the electronic part of the susceptibility with respect to the normal coordinates.

Considering only the linear term of the expansion and extracting the expansion coefficient

from the integral we obtain,

[χmn]fi = (χmn)0〈. . . υfk . . . |. . . υik . . .〉+
∑

k

(
∂χmn

∂Qk

)
0

〈. . . υfk . . . |Qk|. . . υik . . .〉 . (II.2.6)

The bra and ket symbols represent the total vibrational wavefunctions from the inte-

gral II.2.5. They are expressed as the product of harmonic-oscillator wavefunctions with

occupation numbers υfk or υik.
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〈υf1, . . . υfk, . . . υf,n| =
∏
k

〈υfk|

〈υi1, . . . υik, . . . υi,n| =
∏
k

〈υik| ,
(II.2.7)

where 〈υfk| and 〈υik| are the harmonic-oscillator wavefunctions for occupation numbers υfk

and υik, respectively. Since we do not used the Franck-Condon principle the oscillators are

non-shifted and the expectation values in Eq. II.2.5 are

〈υfk|υik〉 =

⎧⎨
⎩0 for υfk �= υik

1 for υfk = υik

(II.2.8)

and,

〈υfk|Qk|υik〉 =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0 for υfk = υik

(υik + 1)1/2
√

�/2Ωk for υfk = υik + 1

(υik)
1/2

√
�/2Ωk for υfk = υik − 1 .

(II.2.9)

Because of orthogonality of the wavefunctions all expectation values from II.2.6 can be

factorized into relationships like II.2.8 and II.2.9. The first term in II.2.6 is only different

from zero if υfk = υik for all k. This means that the quantum state of the system has not

changed. If (χmn)0 is properly calculated, it describes the process of absorption or Rayleigh

scattering. The second term is responsible for the Raman process as is evident from the

appearance of the susceptibility. According to II.2.8 and II.2.9 it is only non-zero if for all

k′ �= k then υfk′ = υik′ and for the mode k υfk = υik ± 1 holds. In this case the transition

susceptibility II.2.6 has the form,

[χmn]υik+1,υik
= (υik + 1)1/2

√
�/2Ω

(
∂χmn

∂Qk

)
0

(II.2.10)

and

[χmn]υik−1,υik
= (υik)

1/2
√

�/2Ω

(
∂χmn

∂Qk

)
0

, (II.2.11)

The two equations above describe the Stokes and anti-Stokes Raman process. For com-

parison with experimental results attention must be paid to the dependence of the intensities

on the vibronic occupation number υk. Since the latter is determined by a Boltzmann factor,

W (εk) =
exp(−εk/kBT )

Z
=

exp(−�Ωk(υk + 1/2)/kBT )∑
υk

exp [−�Ωk(υk + 1/2)/kbT ]
, (II.2.12)

A thermal averaging of the form,
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∑
υk

(υk + 1)W (εk)

is required to obtain the effective square of the Raman tensor from II.2.10 and II.2.11. This

is similar to the thermal averaging used for the evaluation of the optical absorption from

localized wavefunctions. In the case of Stokes scattering the average is nk + 1 where nk is

given by the Bose-Einstein distribution for the mode k,

nk = fE(Ωk) =
1

e(−�Ωk/KBT ) − 1
. (II.2.13)

For anti-Stokes scattering the average yields nk. Taking the convenient description of

the orientation of incident and scattered light with respect to the scattering plane using the

symbols ‖ and ⊥,† the scattering intensity per steradian for an incident intensity Ii is

d‖Φ⊥

dΩ
=

�(ω − Ωk)
4νuχ

2
yx,k(nk + 1)Iiν

32π2c40Ωk
,

where (nk + 1) is the thermal averaging. It is important to add that the temperature

dependence of Raman intensities is very often a convenient quantity to measure, simply

because it is the ratio between the anti-Stokes and the Stokes intensities of one mode. This

relation actually provides a good check of temperature effects due to the incident laser when

it is focused down on the crystal.

The width of Raman lines can also change with temperature, pressure, and the nature

of the scattering mechanism of phonons. Thus, the shape of the Raman response measured

experimentally is a measure of the intrinsic decay mechanism of phonons and is normally

modelled either by Lorentzian or Gaussian contributions with a width at half mean (FWHM

= Γ).∗ Strictly, this quantity is also related to the sample quality and quantity of defects.

However, besides Gaussian, Lorentzian or a combination of both, the response of certain

optical modes may require an elaborated model of the lineshape to be correctly interpreted.

For example, if there is a strong interaction of the electronic background with the lattice

dynamics in a crystal, one has to use the so-called Fano line. The physics behind this effect

is illustrated in panel (c) of Fig. 2.7, and can be consulted in original work of U. Fano in he

studied which the energy loss of electrons scattered in He.63 From the schema of panel (c),

we can imagine a transition of the system from the ground state to either a single discrete

state s with energy εs and described by a wavefunction ψs, or a continuum of states ε′

described by a wavefunction ψ′. The interaction between discrete and continuum states is

described with the Hamiltonian Hυ with matrix elements Vsε′ = 〈ψε′ |Hυ|ϕs〉. From this

†Details of experimental geometries and polarizations can be consulted in Ref.50
∗In the following we use Γ to refer to the FHMW.
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interaction the discrete state is renormalized to a new state described by a wavefunction Φs

and energy εs = ε̄s − F (ε) given by,

Φs = ϕs + P

∫
dε′Vsε′ψε′ and F (ε) = P

∫
dε′

|Vsε′ |
ε− ε′

2

,

where P indicates the principal value of the integral. The total interacting system is de-

scribed by wavefunctions Ψε. The lineshape for any transition in the total system originating

from a perturbation T can be described by the renormalization and a reduced energy ε̄,

ε̄ =
ε− εs − F (ε)

π|Vsε′ |2 =
ε− εs − F (ε)

Γ/2
.

The spectral width of the interacting discrete state is Γ = 2φ|Vsε′ |2 and Qf is the lineshape

parameter (a phenomenological shape parameter) of the form,

Qf =
〈Φs|T |GrSt〉

φVsε′〈ψε′ |T |GrSt〉
.

Expressing the lineshape as the ratio between the transition probability in the system

to the transition probability for the unperturbed continuum, yields

|〈Ψ|T |GrSt〉|2
|〈ψε′ |T |GrSt〉|2

=
(Qf + ε̄)2

1 + ε̄2
, (II.2.14)

which is the scattering cross section of the so-called Fano profile. The normalized value of

the Fano profile is defined by dividing by (1 +Q2
f ). The three different cases of resonance

profiles are: for Qf = 0 antiresonance, for 0 < Qf < ∞ asymmetric resonance, and for

Qf = ∞ the characteristic Lorentzian shape.50 The Fano profile is widely used in condensed

matter physics, in non-linear optics, photonics and nuclear physics. This profile is used in

Chapter III to fit our experimental measures.
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CHAPTER III

STUDIES ON ALKALINE EARTH METAL DISILICIDES

In this Chapter we study different alkaline earth metal (AEM) disilicides, namely, CaSi2,

SrSi2 and BaSi2. Based on the experimental work of Evers and Imai we review the pressure-

temperature phase diagram and crystal structures adopted by AEM disilicides. Experimen-

tally several techniques are used to characterized different properties of disilicides such as

XRD, Raman, XPS and SQUID measurements. We complement our studies with theo-

retical density-functional theory (DFT) calculations and using the Boltzmann transport

formalism we obtain Seebeck coefficients for the case of cubic structures of AEM disilicides.

Furthermore, we present a detailed study of BaSi2 that includes the calculation of struc-

tural, vibrational and electrical properties. Experimentally, we found evidence of a natural

buckling of the Si plans that tends to enhanced superconductivity. Our results from DFT

calculations clarify the origin of the increase of Tc in BaSi2. The last part of this Chapter

is dedicated to the evolution of superconductivity in BaSi2 under pressure.

III.1 INTRODUCTION: PROPERTIES OF AEM-DISILICIDES

Metal disilicides have been recently the subject of extensive studies due to their possible

technological applications in many fields. Among this vast family of compounds, the so-

called Kankyo semiconductors have attracted special attention because they are composed of

naturally abundant and non toxic elements.64 In particular, we are interested in the family of

Zintl-silicides which are considered as eco-friendly semiconductors and potentially useful in

thermoelectric materials. Binary Zintl silicides are intermetallic compounds formed between

a strongly electro-positive metal (alkali metals, alkaline earth metals and lanthanides) and

a less electro-positive metal (normally d-block or p-block elements). This family was named

after E. Zintl who studied these compounds in early 1930s.65–67 This family was proposed

as a promising candidate for applications ranging from photovoltaics, thermoelectrics, hard

materials and superconductivity.66 The first systematic investigation of the family of AEM

disilicides was carried out by Evers and Weiss in 1974.68 In these works, the authors explored

different stoichiometric compositions mixing Si (silicon, column-IV A) and metal atoms

(alkaline earth metals, column-II A) following the 8-N rule proposed by Zintl.66 (In Zintl

silicides, silicon is the anionic part of the structure and fulfils the octet shell).

The research presented in this Chapter was published in: J.A. Flores-Livas, et al., Phys. Rev. Lett.
106, 087002 (2011) and J.A. Flores-Livas, et al., Phys. Rev. B 84, 184503 (2011)
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FIG. 3.1: Ground state structures found for different alkaline earth metal disilicides. CaSi2 has a
rhombohedral structure, SrSi2 crystallizes in a cubic phase and BaSi2 in an orthorhombic system.69

III.1.1 Crystal Structures at Ambient Condition and High Pressure

The crystal structures in which AEM disilicides crystallize at ambient conditions are

depicted in Fig. 3.1. These structures represent the ground state for the chemical formula

of the form MSi2, where M is a divalent metal, namely Ca, Sr, and Ba. CaSi2 crystallizes

in a rhombohedral phase formed by intercalated layers of Ca and Si. SrSi2 presents the

characteristic cubic phase, build from a Si-network with Sr atoms in the semi-cages. And

for BaSi2, an orthorhombic crystal constructed by tetrahedral-units of Si and isolated Ba

atoms, is the ground-state structure.

The structural transition in AEM disilicides was studied by Imai and Kikegawa in 2003

using synchrotron radiation.70 In these studies the experimental pressure-temperature phase

diagram was investigated in a diamond anvil cell and in situ heating with a high power laser.

Their results revealed that the structural sequence of AEM disilicides is different from that

already known in AX2-type compounds.70 Figure 3.2 shows the experimental pressure-

temperature phase diagram reported by Imai and Kikegawa. We can distinguish that AEM

disilicides adopt a series of polymorphs† along different thermodynamic conditions, and that

these structures can be metastabilized at ambient conditions.

CaSi2 can adopt four different crystallographic forms along different conditions of pres-

sure and temperature (P-T). Three structures belong to the trigonal crystal system and one

to the tetragonal system. The ground state structure of CaSi2 is a rhombohedral crystal,

†Polymorphism is the crystallization of a compound in at least two distinct forms
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FIG. 3.2: Experimental pressure-temperature phase diagram for alkaline earth metal disilicides
reported by Imai et al.70 including the previous studies of Evers.68,71 For the case of CaSi2, also
the experimental work of Bordet, Sanfilippo, et al. is included.72,73

the trigonal CaSi2-type structure (space group R − 3m, see Fig. 3.1), in which corrugated

Si hexagonal layers alternate with hexagonal Ca layers along the [001] direction and both

layers stack in AABBCC sequence. This phase can obtained by quick cooling of molten

CaSi2. Also a different sequence of type ABC can be synthesized. The second trigonal

CaSi2 phase has the EuGe2-type structure. This phase appears at high pressures ranging

from 9 to 16 GPa and can be quenched to ambient conditions. The third trigonal CaSi2

phase has the AlB2-like structure (space group P6/mmm) in which flat Si honeycomb layers

alternate with Ca layers in AA sequence. The IV phase (AlB2) appears in high-pressure

experiments and was reported not to be quenchable to ambient conditions.72 Another poly-

morph reported for CaSi2 is the α-SrSi2-like structure, consisting of a tetragonal cell (space

group I41/amd, see Fig. 3.1). Note that the rhombohedral phase of CaSi2 is the same as

that of EuGe2-phase (trigonal-CaSi2) except for the difference in the stacking sequence.

SrSi2 presents two crystallographic forms, a cubic ground state of SrSi2-type (space

group P4332) and a tetragonal α-ThSi2-type system (space group I41/amd). The tetragonal

phase is stable at high pressures and can be quenched to ambient conditions. This tetragonal

phase is formed by a three-dimensional Si-network of hexagons not completely closed and

intercalated by the Sr-metal. This phase exhibit sp2 bonding and bonds angles < 110 ◦.

In Fig. 3.2 we can distinguish that BaSi2 has three phases at pressures up to 7 GPa and

temperatures from 300 to 1300 K. First, there is an orthorhombic crystal (Pnma symmetry)

formed by isolated Si-tetrahedra (unit coloured in blue) and Ba atoms separated from each

other (see Fig. 3.3). In this structure the Si-Si distance lies between ∼ 2.3 to 2.45 Å,

and bond angles are close to 60 ◦.68 The structural transformation into a cubic system is

illustrated in Fig. 3.3. This cubic structure is build by a Si net formed by 43 helices where
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Cubic

Trigonal

Orthorhombic

P > 4.5 GPa

and T > 550 K

P > 3 GPa

and T > 700 K

P = 0 GPa

or T > 800 K

FIG. 3.3: Crystal structures of BaSi2. The orthorhombic system (24 atoms in cell, 8 Ba) is
a semiconductor with an energy gap of 1.3 eV. The cubic crystal (12 atoms in cell, 4 Ba) is a
semimetal, and the trigonal structure (3 in cell atoms, 1 Ba) is a metallic compound.69

every Si atom in such a helix uses one bond for connection with other helices. The angle

between Si-Si atoms increases to values around 115 ◦.71 In a well defined domain of P-T, as

shown in the right panel of Fig. 3.2, the next structural transformation is into a trigonal

phase which is classified as the EuGe2-like crystal. This structure can be viewed as an

hexagonal Si-honeycomb with metal atoms (Ba) between Si planes having an AA stacking.

The remaining tetrahedral (sp3) environment of Si atoms deform the network rendering the

Si sheets corrugated. Note that this phase is equivalent to the III-phase of CaSi2.

III.1.2 Electronic and Transport Properties of AEM Disilicides

Alkaline earth metals were recently suggested as promising candidates for thermoelectric

and solar cell applications. The advantage of those systems consists in an efficient thermal

conductivity as well as good electrical conductivity (with possibility to dope n or p). Thanks

to these features, AEM disilicides have been extensively studied in their electrical and

transport properties. In Fig. 3.4 we show the work of Affronte and Imai that performed

electrical conductivity measurements as a function of temperature for AEM disilicides. The

case of CaSi2 has also been reported by Affronte et al.,74 where they explored the resistivity

of the body-centred tetragonal phase of CaSi2. This compound exhibits a metallic behaviour

and a superconducting state below 1.58 K. For SrSi2 the electrical resistivity was measured

by Imai et al.,75 in the cubic phase. The electrical resistivity as a function of temperature
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FIG. 3.4: Electrical resistivity of alkaline earth metal disilicides as function of temperature. The
tetragonal phase of CaSi2 (left panel) exhibits a metallic behaviour with a superconducting transition
temperature of 1.58 K.74 The resistivity curve of SrSi2 (centre panel) in its cubic phase presents a
semimetallic behaviour.75 BaSi2 (right panel), orthorhombic and cubic phases show a negative tem-
perature dependence characteristic of semiconductors. On the contrary, the trigonal phase exhibits
a metallic character where the dominant carriers are electrons. Image from Imai, et al.76

for this compound shows the characteristic behaviour of a semimetal compound. Further

studies of the Hall coefficient showed that the dominant carriers are holes in this material.

There are not experimental reports of the electrical properties as a function of temperature

for the tetragonal phase of SrSi2. The electrical measurement in phases of BaSi2 was

reported by Imai et al.,76 and is shown in right panel of Fig. 3.4. For this compound it

should be noted that the resistivity and the temperature dependence is strongly dependent

on the crystal structure. The resistivity decreases remarkably as the structure changes

from the orthorhombic phase into the trigonal phase through the cubic phase. Therefore,

the orthorhombic phase shows the highest resistivity among the three phases and a large

negative temperature dependence. This phase is a semiconducting material with an indirect

band gap energy of 1.3 eV.68,77–79 This system has been studied for its applications in

solar cell materials due to its large absorption coefficient (α) and energy band gap close to

the desirable value of ∼ 1.4 eV.80,81 The cubic phase also shows a negative temperature

dependence but the resistivity is considerably lower than that of the orthorhombic phase.

This system presents a characteristic activation energy of a semimetal, contrary to the two

first structures. The trigonal phase shows the lowest resistivity and a positive temperature

dependence. In spite of the large residual resistivity this result indicates that the layered

phase of BaSi2 is a metal. Additionally, Imai, et al. reported a superconducting transition

temperature of 6.8 K.82
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FIG. 3.5: Superconducting layered crystals (hexagonal crystal systems): CaC6, MgB2 and BaSi2.
The first two materials present completely flat planes, contrary to BaSi2 that has buckled plans.69

III.1.3 Superconductivity in AEM Disilicides

In fact, one of the main characteristics of high temperature superconductors (cuprates

oxides, iron pnictides or MgB2) is the reduced dimensionality related to their layered na-

ture.83–86 The surprising discovery of the record-breaking superconductivity in MgB2 at

39 K1 has served as a guide for much of the experimental and theoretical research on con-

ventional superconductivity for the past years. In fact, it is not surprising that other layered

materials composed of flat plans with sp2 bonding, such as CaC6 and YbC6
87–89 have been

extensively studied in the years following the discovery of MgB2. In practice, MgB2 can be

considered as an iso-electronic structure of graphite and the structures of the two materials

can be understood in terms of the honeycomb graphene plane. While in graphite the carbon

atoms form stacked hexagonal planes, in MgB2, the boron atoms form an hexagonal net

and magnesium atoms are placed between hexagonal planes. Each Mg atom provides two

valence electrons, so that the total electron valence count per cell is the same as for graphite

and MgB2. Thus we can expect the band structures to be closely related and the bands

near the Fermi level to be similar.

In the case of layered disilicides, like BaSi2 or CaSi2 (trigonal phases) one can also think

that the structure is iso-structural to MgB2. The layered phase of BaSi2 crystallizes in an

hexagonal structure close to that of graphite, CaC6 or MgB2. This is illustrated in Fig. 3.5,

where we show an atomistic and geometric model of the structures. We can see in the top



42 CHAPTER III. STUDIES ON ALKALINE EARTH METAL DISILICIDES

panels the similar honeycomb networks viewed along the z-axis. However, observed along

y-axis (bottom panels) there are major differences. First, in MgB2 and CaC6 completely flat

sheets are present, contrary to the case of BaSi2, in which, due to the electronic tendency

of Si atoms to form sp3-bonding, there is a buckling of Si-plans (corrugated Si-hexagonal

planes). Buckled plans are nevertheless reported to play a fundamental role in high tem-

perature superconductors. For example, in cuprates, the CuO2 plane can alter drastically

the superconducting transition temperature.85,90 Disilicides are therefore intriguing as they

share the 2D-character of MgB2 (the highest Tc reported for a conventional superconductor)

and buckled plans as in the case of cuprate s. Therefore it is not surprising that early studies

of superconductivity in CaSi2 by Sanfilippo, et al., showed an enhancement of transition

temperatures as the layered structure was modified by pressure. In CaSi2 the transition

temperature was enhanced from a mK to a maximal Tc of 14 K.73 In the next section we

present experimental and theoretical studies of BaSi2 that indicate a similar trend of the

superconducting transition temperature as the layered structure is modified.

III.2 THE CASE OF BaSi2

Synthesis of High Pressure Phases of BaSi2

BaSi2 in its simple chemical formula tends to form an orthorhombic crystal (the ground

state structure) but also can form metallic compounds, as we have seen in the previous

section. Experimentally, our goal was to synthesized the different structures following the

phase diagram studied by Evers and Imai. According to the thermodynamic phase diagram

of BaSi2 presented in right panel of Fig. 3.2, the metallic phase is synthesized above pressures

of 4.5 GPa and temperatures greater than 500 K. In order to synthesized the trigonal phase,

our starting point was a powder of BaSi2 (orthorhombic structure) with a purity of 98.5% (Sr

< 0.6%) from CERAC�. As barium disilicide is water-reactive and sensible to moisture of

hydrogen, the samples were stored and fully handled in a glove-box with an inert atmosphere

of Ar. The loading of powder (BaSi2) into the cartridge of the belt or the chamber of the

diamond anvil cell was cautiously performed (see Chapter II). Using the belt-type apparatus

a series of different samples of trigonal and cubic phases were synthesized by changing the

temperature and the pressure conditions according to the phase diagram of BaSi2.
†

Details of First-Principle Calculations

We carried out extensive ab initio calculations in disilicides in order to confront our

experimental stuidies. Ab initio calculations were performed within DFT as implemented

in the abinit code.43 We used the Perdew, Burke, and Erzernhof (PBE) generalized gradi-

ent approximation93 for the exchange-correlation functional. The electron-ion interaction

†The kinetic time for the phase transformation was studied by Evers.71,91
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FIG. 3.6: Experimental X-ray diffraction patterns taken at ambient conditions for different al-
lotropes of BaSi2. (Top) trigonal phase: experimental (black dots) and calculated structural model
(red line) using Rietveld refinement.92 (Centre) cubic phase, and (bottom) orthorhombic phase.
Dots-stars depict the principal impurity peaks, the phases can be pure as 98%.

was described by norm-conserving Troullier-Martins pseudopotentials94 generated with the

same functional. In addition to those calculations, we used the projector augmented-wave

approach95 in a plane-wave pseudopotential formalism as implemented in the code vasp.96

The phonon spectrum and the electron-phonon matrix elements were obtained employing

density-functional perturbation theory.36,97 Proper convergence was ensured using a cut-

off energy of 30 Ha and converged k-meshes with the Monkhorst-Pack98 sampling of the

Brillouin zone.99



44 CHAPTER III. STUDIES ON ALKALINE EARTH METAL DISILICIDES

III.2.1 Crystal Structures of BaSi2, XRD and Energy Calculations

We performed XRD measurements on synthesized samples of BaSi2 to determine the

crystal structure. The structural characterizations were performed by X-ray diffraction in

θ − 2θ (see details of diffraction in Chapter II). Figure 3.6 shows the experimental X-ray

diffraction patterns taken at ambient conditions for different meta-stabilized polytypes of

BaSi2.

We confirmed the XRD patters of the phases found by Evers and Imai.71,91 According

to our experiments, the thermodynamic P-T phase diagram of BaSi2 shows a well defined

zone where the different crystal structures can be meta-stabilized (quenched) at ambient

conditions. Further studies of experimental X-ray diffraction of BaSi2 showed important

differences when samples were prepared in the thermodynamic conditions of the trigonal

phase. Among the different thermodynamic conditions, two principal zones in the trigonal

boundaries were of major interest because they presented the most pronounced structural

differences. These were the samples synthesized at (4.5 GPa, 800 K) and (4.5 GPa, 1300 K).

In these two extreme conditions of temperature, the lattice coordinates exhibits sizeable

variations depending on the pressure and the temperature of synthesis. For the trigonal

phase there are three parameters to model using Rietveld refinement92 of the measured

diffraction pattern, namely, the two lattice parameters a and c and the atomic coordinates

of Si, especially the ’z’ component related to the motif in the crystal represented by the

2d-Wyckoff position of Si atoms, where values of z=0.5 corresponds to completely flat Si

plans. The measured cell parameters modelled were a=4.061(3) Å, c=5.293(3) Å, and z=

0.565(1) for 800 K (V Exp.A
0 = 75.59 Å3) and a=4.065(3) Å, c=5.347(4) Å, and z= 0.546(3)

for 1300 K (V Exp.B
0 = 76.51 Å3).99

DFT Calculations on AEM Crystal Structures

We explored the ensemble of structures of AEM disilicides using density-functional the-

ory (DFT). Figure 3.7 shows the calculated enthalpy as function of pressure for the crystal

phases of CaSi2, SrSi2 and BaSi2. In our calculations, we also analysed the high pressure

regime up to 40 GPa. As expected, the volume of the MSi2 compounds (Ca,Sr,Ba) per

chemical formula unit becomes shorter when the atomic number of the alkaline earth metal

becomes smaller. For the case of CaSi2 we compared three structures (tetragonal, trigonal

and AlB2). The phase transitions are in excellent agreement with the experimental P-T

phase diagram, Fig. 3.7 (marked by arrows). For BaSi2, the ground state (orthorhombic

structure) changes to the cubic phase as pressure is applied, as can be seen in top-right panel

of Fig. 3.7, roughly above 1 GPa. Further increase of pressure suggests that the trigonal

phase is enthalpically more favourable above pressures of 3 GPa. We should note that this
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FIG. 3.7: Density-functional theory calculations of the enthalpy as a function of pressure for dif-
ferent crystal phases of CaSi2, SrSi2 and BaSi2. In BaSi2 (top panels) two phase transitions are
distinguishable; from the orthorhombic to the cubic crystal around 1GPa, and from the cubic to the
trigonal phase above 3GPa. Our calculations in SrSi2 do not show any crossing in the enthalpy from
the ground state (cubic) and the tetragonal phase. In CaSi2, comparing to the tetragonal phase two
phase transitions can occur at 10GPa and 16GPa. The cases of BaSi2 and CaSi2 show an excellent
agreement with the experimental P-T phase diagram.

trend is in good agreement with the experimental phase diagram, even if temperature is

not included in our DFT ground state calculations.

As we had noticed in the experimental XRD patterns of BaSi2 (trigonal), sizeable varia-

tions exist on the lattice constant and the internal parameter z. In order to have insights on

the origin of these effects in BaSi2, we further investigated these variations within DFT. For

the trigonal phase, we found that lowest energy structure has lattice parameters (a = 4.08 Å,

c = 5.42 Å, and z = 0.56 Å). In fact these geometry optimizations carried out for CaSi2,

SrSi2 and BaSi2 are in good agreement with the experimental lattice constant measured in

XRD patterns, and these values are consistent with the typical error of PBE calculations.

Figure 3.8 shows the calculated total energy (for fixed VDFT
0 ) as a function of the internal
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FIG. 3.8: Variation of the total energy of trigonal BaSi2per unit cell as a function of the buckling
parameterz. The low-buckled regime0.545 z 0.575(yellow area) corresponds to values ofzthat
can be explored experimentally.

coordinatez. One can observe that the total energy curve can be divided in intervals of

z, depending on the buckling degree. The intervals of values ofzare: a planar region for

z 0.545, a high-buckled region forz 0.575, and a low-buckled (experimentally found)

between 0.545 z 0.575. In the low-buckled interval, the total energy changes by less

than 50 meV (580 K) per unit cell. The yellow-area corresponds to values ofzthat can be

explored experimentally. This fact could explain why it is easy to deform the structure,

therefore making it possible to obtain experimental samples with differentz.

III.2.2 Lattice Dynamics of BaSi2: Raman and DFPT Calculations

We performed Raman spectroscopy measurements to study the dynamics of the lattice

in the different phases of BaSi2and the effects of differentzin the trigonal phase. On right

panels of Fig. 3.9 we show the characteristic Raman spectra acquired for the three crystal

structures of BaSi2measured with an excitation laser of 514.5 nm at ambient conditions.

The orthorhombic sample has high frequency optical modes that are generated by vibrations

of the Si-tetrahedra at frequencies around 485 cm−1, and this isolated Si-tetrahedral splits

the phonon dispersion in narrow bands of frequency in the whole Brillouin zone (this is seen

in our calculations of the phonon dispersion fromZ-Γ.) The acoustic modes in this phase are

predominantly dominated by Ba vibrations. In the cubic phase (right panel), four Raman

actives modes are labelled with their corresponding symmetry. All these optical modes are
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FIG. 3.9: Left panels: calculated linear-response phonon dispersion for the three phases of BaSi2.
Right panels: the corresponding experimentalμ-Raman spectra taken at ambient conditions. Our
calculations describe well the phonon energies and the corresponding symmetry forq=0.

vibrations of the Si-helix that disperse more than in the orthorhombic crystal. The phonon

calculations for the cubic phase are down-shifted (underestimated), when one compares to

the measured Raman frequencies roughly about 30 cm−1. This disagreement is related to

an overestimation of the volume in the cubic phase. However, the phonon frequency at

q=0 (calculated and measured peaks) are in perfect agreement. For the trigonal phase, the

phonon dispersion fromKto Γ was calculated forz=0.56 (low energyz) and two Raman

active modes were measured and identified with their corresponding symmetry. These two

Raman modes correspond to the vibrations of Si plans, the out-of-plane movements with

A1gsymmetry and the double degenerateEgmode that involves in-plane vibrations. As

even small changes inzlead to a shift of the frequencies, for this phase we marked in green
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FIG. 3.10: Temperature dependence of electrical resistivity in the trigonal phase of BaSi2 at
ambient pressure at 0.3GPa. The red and blue lines are the respective fit using the Bloch-Grüuneisen
equation. The electrical resistivity decreases linearly with an exponent of T = 1.95 and Debye
temperature ΘD = 520K.

(for q = 0) the variations of the frequency that one obtains if z is adjusted within the

sizeable experimental range (yellow-area in Fig. 3.8). A remarkable agreement with the

Raman spectra of the trigonal phase is thus obtained.

III.2.3 Electronic and Transport Properties of structures of BaSi2

The electrical resistivity of the different phases of BaSi2 was measured using a conven-

tional four-probe method (see details in Chapter II). The measured trigonal samples showed

a positive dependence of the resistivity (indicating a metal) where the predominant carriers

are holes. Figure 3.10 shows the measured dependence of the resistivity as a function of

temperature and in solid lines the fit performed with the Bloch-Grüneisen equation. From

the fit we can obtain qualitative information concerning the scattering mechanism. For this

structure (trigonal) the picture of weak electron-phonon scattering is the most suitable.

This comes from the T 2 dependence that holds independently of the measured samples (dif-

ferent z). By applying pressure (few kbar) the residual resistivity is shifted to lower values.

However the same parameters for the fit hold for the case of applied pressure. From this

analysis we can assume that the decrease of resistivity is due to a reduction of the distance

between grain boundaries of the polycrystalline sample, and not the effect of pressure in

the electronic or phononic properties. The Debye temperature is in good agreement with
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FIG. 3.11: Bottom curve: X-ray photoelectron spectroscopy (XPS) measured in BaSi2. Calculated
electronic density of states (eDOS) with DFT: (centred) using GGA-PBE as exchange correlation
functional and (top) hybrid functional HSE06.

previously reported values for disilicides structures.73,82

We also performed the analysis of chemical composition: X-ray photoelectron measure-

ments (XPS) were carried for trigonal samples using a GAMMADATA-SCIENTA SES2002

electron analyzer and high-flux laser with Mg-anode (monochromatic). The energy resolu-

tion was better than 2 meV and the base-pressure of the spectrometer was 5x10−11 Torr.

Samples were fractured in − situ to obtain clean surfaces at room temperature. The first

curve of Fig. 3.11 shows the valence band photoelectron spectra of polycrystalline trigonal

BaSi2. From this curve we can distinguish three peaks: two prominent peaks that can

be assigned to Ba:5p1/2-p3/2 states and Si:3px-py states, and a third coming from Si:3pz

state dominating below the Fermi level. These peaks suggest the strong interaction of Ba

atoms and Si layers to form a stable two dimensional system. In Fig. 3.11, we also show

the total electron density of states (eDOS) integrated over the Brillouin zone obtained from

first principle calculations using the GGA-PBE as exchange-correlation functional (centre

curve). We can see in this plot a discrepancy in the position of the principal peaks; shifted

to low energies. It is known that standard DFT functionals fails to describe very localized

states in the valence band, but the use of hybrid functionals usually allows to circumvent

these problems. Therefore, we calculated the electronic density of states using the hybrid

functional HSE06 (see top curve of Fig. 3.11). We find a good agreement with the experi-

mental density of states, even for the deep p-states of Ba around -15 eV.
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FIG. 3.12: Left panels: electronic dispersion in the Brillouin zone along high symmetry points.
Centred panels: Fermi surfaces. Right panels: Seebeck coefficient (thermopower S) as a function of
chemical potential (μ ) of cubic CaSi2, SrSi2 and BaSi2 at 300K.

AEM disilicides as thermoelectric materials: Seebeck coefficients

We now turn to the discussion of conductivity proprieties such as the Seebeck coeffi-

cient. Zintl silicides have been proposed as excellent candidates to serve as thermoelectric

materials in devices. Thermoelectric devices can be used for cooling or heating and re-

cover energy from waste heat. The efficiency of a thermoelectric material (TM) can be

measured by a dimensionless quantity called figure of merit (ZT), and this quantity is de-

fined as ZT = (S2σT )/κ(e−p), where σ is the electrical conductivity, S is the thermopower

(Seebeck coefficient), T is the absolute temperature, and κe−p is the thermal conductivity

which has electronic and phononic contributions. Improving this quantity (ZT) is not ob-

vious because the different parameters entering it are linked and compete with each other.

Other aspects to be considered are the cost of materials, their toxicity and availability. For

that reason, the so called “Kankyo semiconductors” were recently proposed as thermoelec-

tric materials because they fulfil the cited points. Additionally, larger values of ZT = 1.1
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were reported for n-doped Mg2(Si,Sn)100 and FeSi2.
† Therefore, several disilicides such as

LaSi, SrSi2 and BaSi2 (orthorhombic) were extensively explored experimentally.103 In this

section we present calculations of the electronic structure and the transport properties of

MSi2 (M = Ca, Sr, Ba) in the SrSi2-cubic type structure (P4322). The electronic structure

was obtained from standard DFT calculations with the GGA-PBE as exchange-correlation

functional. Electronic transport calculations were performed using the Boltzmann transport

formalism with the constant relaxation time approximation using BoltzTraP.104

First we consider the electronic properties, left panels of Fig. 3.12 show the electronic

band structure plotted along high symmetry points in k-space for CaSi2, SrSi2 and BaSi2

in the cubic structure. In this plot one can see a band degeneracy at Γ for Ca, Sr and

Ba. Decreasing the atomic number of the substituted metal in the structures, one can

distinguish that the degenerated states shift to lower values of energy. The central panels

illustrate the Fermi surface in the first Brillouin zone. From this figure we can distinguish

that the metallic character decreases as the metal atom changes. With Ca, two bands occupy

a large proportion of the Fermi surface, and the conduction bands in CaSi2 have a sharp

dispersion between M - Γ - R, a characteristic not desired for thermoelectric applications.

Changing to Sr, the Fermi surface is only occupied for a top valence band (mostly Si:pz

states) but also a sharp dispersion is visible. In the case of Ba, a small gap is opened

and a few occupation is visible fairly dispersive in the Fermi surface. We should point out

the strong influence of 4d-electrons in Ca, that make that this compound does not have a

SrSi2-cubic structure as a stable polymorph, contrary to SrSi2 and BaSi2 which both share

this structure as a metastable polymorph.

Right panels of Figure. 3.12 show the Seebeck coefficient (S) and its variation with

the chemical potential (μ), for AEM disilicides calculated within the constant relaxation

time approximation. The highest Seebeck number (S) found is for BaSi2 at 300 K (non-

doped case) that reaches a maximum value of ∼ -25μV/K, then, SrSi2 ∼ -10μV/K and for

CaSi2 ∼ 10μV/K. Note that in the hypothetical case of p doped CaSi2, eventually using

Al or B the maximum attained values are of the order of 20μV/K. For substitution with

Sr or Ba and exploring doping values (p-n) the maximum now is limited to 120μV/K, a

relatively low value. Comparing with the experimental values of S reported by Hashimoto

et al. for cubic SrSi2, our calculations are an order of magnitude lower to those reported.

Moreover, the sign of S is reported to be positive in the case of SrSi2, indicating that the

majority of carriers are holes. The origin of this disagreement comes from the absence of a

narrow gap as reported experimentally in cubic-SrSi2. In our calculations this structure is

a metal with finite occupation at the Fermi level (seen in centred panel of Fig. 3.12). Our

†The highest value of ZT reported so far is 2.4 for a superlattice of p-type Bi2Te3/Sb2Te3.
101,102
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FIG. 3.13: Left axis: dependence of the volume with pressure for layered structure of BaSi2
calculated with DFT (solid line). Right axis:zparameter as a function of pressure (dashed line).
Above20GPa the structure is completely planar.

calculations reveal the importance of the semimetallic character present (experimentally)

in cubic structures of AEM disilicides. The presence of narrow gaps and its variation in

temperature is the principal drawback for the correct description of transport properties.

III.3 SUPERCONDUCTIVITY IN BaSi2

III.3.1 Layered Structure as a Function of Pressure and Temperature

In the previous section we studied the trigonal phase of BaSi2and the sizeable variations

of the internal coordinatez. In this section we explore the evolution of volume andzunder

pressure and its effects on the electronic and lattice properties.

One of the difficulties found in our XRD experiments was the accurate determination

ofz(buckling degree) under pressure. The difficulty arises from the quality of the samples

(as our samples are composed of polycrystalline domains), thus the diffraction pattern of

XRD includes a sum ofz’s. Although we can obtain a value ofzat ambient conditions, the

measurements and precise determination ofzat high pressures is rather complicated. In

this situation, DFT calculations are extremely helpful to interpret experiments. In Fig. 3.13

we show the volume as a function of pressure calculated for the trigonal phase of BaSi2.

The left axis represents the normalized volume withVDF T0 = 77.16Å3. For comparison the
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FIG. 3.14: Panel (a): experimental Raman spectra of the A1g mode for trigonal BaSi2 as a
function of temperature from RT to 2 K. The calculated eigenvector of the mode is depicted in the
top of the right panel. Panels (c) and (d) show the corresponding evolution of phonon energies (peaks
positions) and width FWHM (Γ) of the measured response as a function of temperature.

experimental volumes are: V Exp.A
0 = 75.59 Å3 and V Exp.B

0 = 76.51 Å3. In addition, the

right axis shows the optimized z as a function of pressure. The P-V curve is characteristic of

a layered material. In these materials the c-component of the lattice decreases substantially

faster than in-plane directions, a and b. Moreover, from the figure (see in right axis of

Fig. 3.13) we can see that the starting value of z = 0.560 at 0 GPa, decreases rapidly as

pressure increases and the structure evolves to a low buckled-zone (the yellow area indicates

the low-buckled zone found at ambient conditions). For pressures smaller than 20 GPa it

becomes completely planar.
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III.3.2 Lattice Dynamics as a Function of Pressure and Temperature

This section is dedicated to the study of the lattice dynamics and their evolution with

temperature and pressure in trigonal samples of BaSi2. To reach that goal, several exper-

iments and calculations were carried out to complement those presented in the previous

section. Raman scattering measurements were performed for different samples of BaSi2

(trigonal) as function of temperature, from 300 K down to 2 K. In Fig. 3.14 and Fig. 3.15,

we show the temperature dependence of the two Raman actives modes present in the trigo-

nal structure and the respective eigenvectors of each mode. The evolution in temperature of

the phonon frequency of the two Raman active modes increases linearly by cooling down, as

can be seen in panel (c) of the respective figures. The hardening of the phonon energy is as-

sociated with a shortening of the bonding distance and the reduction in the linewidth. This

effect is significantly higher for the A1g mode visible in panel (d) of Fig. 3.14. The spectra

taken at 2K presents a linewidth reduction of 10 cm−1 compared to that at 300 K, and the

phonon energy drastically increases by around 30 cm−1. Comparing this value with Ra-

man measures of other layered superconductors like MgB2, in BaSi2 it is much stronger.105

Furthermore, the doubly degenerate Eg mode shows a normal evolution with an increase

of energy of around 8 cm−1 from 300 K to 2 K, We should note that in the Raman spectra

showed above, there is no sign of structural transformation when one cools down the layered

phase of BaSi2.

Our measures of the Raman modes for the trigonal system yield valuable information

about the coupling mechanism. In particular, one can obtain fruitful information from

Raman spectra taken below the superconducting transition temperature. In fact, for the

degenerate Eg mode, we found an asymmetric line shape at 2 K (blue line of Fig. 3.16 shows

the Eg mode fitted by a Lorentzian response). We can distinguish that the fit is not fully

satisfactory for this mode. In order to take correctly into account the shape of the response

we recurred to the Fano model. The red-line is the Fano fit with IF [(Qf + ε)2/1+ ε2].† The

characteristic Fano-shape comes from the interference between a discrete phonon excitation

and a continuum electronic excitation, thus, revealing that the electronic-background has a

strong interaction with the quantization of the lattice in BaSi2. Additionally, the asymmet-

ric parameter q, which is proportional to the inverse of electron-phonon interaction, could

give us insights on the coupling mechanisms. However, the parameter q depends strongly

on the shape of the background.

To study experimentally the layered BaSi2 under pressure, we used a diamond-anvil

cell (DAC) to apply pressure in trigonal samples (see details of high pressure devices in

Chapter II). The two Raman actives modes (A1g and Eg) were measured under pressures

† Further details of Fano model are presented in Chapter II.
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FIG. 3.15: Panel (a): experimental Raman spectra of the Eg mode of trigonal BaSi2 as a function
of temperature from room temperature to 2 K. The calculated eigenvector of the mode is depicted in
the top of right panel. Panel (c) and (d) show the evolution of phonon (peaks) position and width
FWHM (Γ) of the measured response.

up to 13 GPa. In order to avoid possible noise in the spectra, no pressure transmitting

medium was used. In Fig. 3.17 we summarize the measured frequencies versus applied

pressure for the optical modes of BaSi2. For the optical Eg mode one can see that the

frequency increases as pressure is induced in the structure. On the other hand, as pressure

is applied, the frequency of the A1g immediately drops to lower values, changing by around

8-9 cm−1. A further increase of pressure results in minor oscillations or modifications of

the frequency, as we can see in the right panel. For this optical mode we obtained a

negative pressure dependence. Moreover, in both modes we can distinguish abrupt changes

immediately when pressure is applied: in Eg a sudden increase of frequency, and in A1g

a drop the frequency below the value ∼ 2.5 GPa (this effect is visible in the change of

slopes). We can even identify two regimes, the first is related to the softness of the c-

component of the lattice parameter, which decreases faster than the in-plane components
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FIG. 3.16: Raman spectra of Eg mode taken at 2 K with a wavelength excitation of 514.5nm.
Lorentzian fit parameters: ωi = 421.5 cm−1 and Γi = 5.79 cm−1. Fano fit parameters: ωi =
422.6 cm−1, Γi = 5.86 cm−1 and Qf = 10.07. The Fano model reproduce satisfactory the experi-
mental spectra.

a and b. This is intrinsic to the hexagonal symmetry. The second regime arises when

the crystal reaches the minimal energy configuration between the three components. This

is clearly visible experimentally and in our calculations for several modes with Raman

and IR-activity in BaSi2. This can be also observed for other hexagonal crystals.72 To

corroborate our experimental findings, we calculated the pressure dependence of the optical

phonon modes in the trigonal phase of BaSi2. In Fig. 3.17 we included for both modes

(blue-dashed line) the values of phonon frequencies calculated. The frequencies of the Eg

modes are in good agreement with the measured values. However, the A1g mode is severely

underestimated in our DFPT calculations. We checked the hypothesis of strong anharmonic

effects by performing frozen phonon calculations of optical modes. As found for MgB2,
106

even lower anharmonic effects was found in the optical modes of BaSi2. Non-adiabaticity

is other hypothesis that could eventually explain the shift of frequencies.107 However, this

go beyond of the scope of the thesis. Nevertheless, the trend of the two frequency regimes

discussed above for the hexagonal lattice is in fair agreement. In what concerns the rest of

phonon modes, the IR-active modes show a similar softening in pressure, while the acoustical

lines gain in energy as the structure decreases its volume. Furthermore, we found that the

reminiscent softening increases the non-harmonic contribution in the A1g mode and leads

to a dynamical instability in the structure for pressures above 14 GPa and for z values close

to 0.525, as the modes exhibit imaginary frequencies indicating a structural instability.108
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FIG. 3.17: Raman active modes of BaSi2(trigonal structure) as a function of pressure. Left panel:
Egmode, right panel: A1gmode. Black squares represent the experimental data and red lines were
added as a visual guide. Blue-dots are the calculated phonon frequencies with DFPT.

III.3.3 ParameterzAnd Its Repercussions In The Electronic Structure

We now turn to the discussion of the electronic density of states at the Fermi level

N(EF), an important quantity as it can provide insights about the structure stability and

other electronic properties such as transport or superconductivity. First we turn to the

effects of varyingz(buckling of Si plans) in the electronic properties of the system. To

respond to this question, we plotted in Fig. 3.18 the total electronic density of states at the

Fermi level as a function of the parameterz. The red curve shows the calculated N(EF),

in the optimized volume in DFT (VDF T0 ) for a wide range ofz. This curve (red-line dots)

shows a linear increase of electrons at the Fermi level as one decreasesz, specially in the

range of values depicted in yellow on Fig. 3.8 (those experimentally explored). Therefore, an

increase of N(EF) is directly related to the decrease ofz. A maximum occupation number

of N(EF)=0.63 is reached for V
DF T
0 before the structure instability occurring forz=0.545.99

For the calculations of N(EF) optimizing the volume andzfor each pressure, one can see

in Fig. 3.18 (blue-line squares) that also N(EF) tends to increase as the structure becomes

planar and the maximum occupation attained before the dynamical instability (z=0.525)

is N(EF)=0.63. The shaded-green area serves as a guide for this limit in Fig. 3.18. In
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FIG. 3.18: Electronic density of states at the Fermi level N(EF) and its dependence on the
parameterz. Red dots (linear curve) are the numbers calculated for a fix volume VDF T0 and blue
squares show the values of N(EF) calculated for optimized volume andzunder pressure.

addition our results show the possibility of, to some extent, being able to tune the electronic

properties by changing the volume of the system.

III.3.4 Superconductivity in BaSi2as a Function of Pressure

As we know, high pressure has been employed extensively in the study of superconductiv-

ity to enhance transition temperatures; the simple reason is that normally one finds higher

transition temperatures in the vicinity of dynamical instabilities, or close to a phase tran-

sition. In our investigations, having the possibility to study experimentally under pressure

the layered compound of BaSi2, we measured the superconducting transition temperatures

(Tc) of different samples (presenting differentz). The measures were performed in a SQUID

(QD MPMS 5XL). The principal results are shown in Fig. 3.19, where in the left panel we

can see the temperature dependence of the zero-field-cooled (ZFC) magnetic susceptibility,

revealing aTconset of 6 K for the phase withz=0.565 (high buckling). This value is in

agreement with the previously reported by Imai.82The sample withz=0.546 (low buckled)

exhibited a higherTcof 8.7 K. For this sample, theM-Hloop was measured at 2 K (z=0.546).

For convenience, we plot the differencesχ(T)−χ(10K), normalized by the value at 2 K,

as shown in the right panel of Fig. 3.19. In the trigonal sample withz=0.546, the lower
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FIG. 3.19: Left panel: temperature dependence of the ZFC dc-magnetic susceptibility measured
at20Oe of two trigonal samples of BaSi2marked by theirzcoordinate. Right panel: initial mag-
netization curve as a function of the applied magnetic field measured at2K. Evidencing a type-II
superconducting state (see Chapter II).

critical field Hc1∼75 Oe is determined from the departure from linearity (red line) at low

field. The upper critical field Hc2has been estimated at about 7 kOe by the magnetic field

at which theM-Hreverse legs merge at high magnetic field using the criteria of|ΔM|<

10−5emu. The values of Hc1and Hc2include the demagnetization effect assumed to be

1/3 in cgs units. This measure evidences a type-II superconducting state with Hc1∼75 Oe

and Hc2∼7 kOe. Furthermore, using the Ginzburg-Landau
†equations6we estimate the

penetration depthλ∼3300̊A and the coherence lengthξ= 104Å.

The calculations presented in the previous sections have shown how easy it is to modify

the electronic structure in the trigonal phase by changing thezparameter. Fact that

was confirmed by thorough experimental evidence. Moreover, our calculations showed the

possibility to tune the internal parameterz, suggesting the possibility of increasing the

transition temperature in samples with low-buckled structures. This is clear, as the flatter

the structure is, the larger of density of states at the Fermi level is (see Fig. 3.18).

In order to verify this point, the superconducting state was studied with the strong

coupling theory of superconductivity (Eliashberg equations).7In this context, we need to

†For details of Ginzburg-Landau equations, consult Chapter II.
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FIG. 3.20: Bottom panel: Eliashberg spectral functionα2F(ω) calculated for VDFT0 (in the inset:
electron-phonon coupling constantλis show as a function ofz). Top panel: calculatedTcwith the
McMillan formula. The shaded area shows the interval of Tcvalues whenμ

∗varies from0.06to
0.125. Squares dashed-line represent the experimental values ofTc.

calculate several quantities such asλand Ωlog, which measure the average electron-phonon

interaction in the system. Using density-functional perturbation theory one can have access

to the spectral functionα2F(ω).7Once the spectral function is converged, the calculation of

quantities asλand Ωlogwas performed from the integrals of Allen-Dynes and its modifica-

tion of the McMillan equation.109,110We assumed a value for the Coulomb pseudopotential

μ∗of 0.1, which is a standard choice for this kind of material.

The calculated Eliashberg spectral function α2F(ω) is shown in bottom panel of

Fig. 3.20. From these spectra (for differentzwe can distinguish two main peaks con-

tributing toλ: the first, due to the acoustic modes, is fairly insensitive to changes inz;the

second peak, due to the strong electron-phonon coupling of theA1goptical modes, moves to

lower frequency aszbecomes flatter, increasing its area and consequently its contribution

toλ. In the inset of the bottom panel of Fig. 3.20 (λas function ofz) one can see how this

leads to a dramatic increase of the electron-phonon coupling constant. The value of Ωlog,

the weighted average of the phonon frequencies, remains basically unchanged in the optimal

range 0.55−0.58, and therefore can not be responsible for the variations ofTc.Atz=0.56

we obtain the maximal value Ωlog= 182 K; atz=0.55 it is slightly smaller, Ωlog=170 K,

forz=0.545 it drops to 156 K and forz=0.57 andz=0.58 we found Ωlog= 179 K and
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TABLE I: Superconducting transition temperatures calculated for BaSi2-trigonal phase. The tran-
sition temperatures were calculated using Allen-Dynes modification of McMillan’s formula.

Pressure Tc

(GPa) λ Ωlog z μ∗=0.1

0 0.498 181.9 0.560 2.20
0.5 0.503 183.9 0.559 2.30
1.0 0.510 185.3 0.558 2.44
1.5 0.516 186.0 0.557 2.57
2.0 0.524 186.4 0.556 2.72
3.5 0.540 190.3 0.553 3.08
5.0 0.569 190.7 0.550 3.71
8.0 0.615 187.6 0.543 4.62
10.0 0.678 183.8 0.537 5.90
12.5 0.735 174.0 0.529 6.76
14.0 0.873 136.7 0.524 7.58

171 K, respectively. Therefore, the maximum theoretical value of Tc calculated is around

6 K using the McMillan formulation (top panel of Fig. 3.20). The experimental values of Tc

are plotted (red-square), and for comparison the shaded area shows the interval of Tc calcu-

lated with McMillan formula when μ∗ varies from 0.06 to 0.125. The slight underestimation

of the calculated Tc is due to the neglect of multi-band effects that are known to enhance

superconductivity in similar systems, like MgB2.
111 Note that the experimental trend for

the dependence of Tc of BaSi2 on the buckling is perfectly reproduced by our calculations.

The calculated transition temperatures for BaSi2 (trigonal phase) under pressure are

summarized in table I. In this compound, as pressure leads to the contraction of z yielding

a planar structure, and plays an important role in the superconducting properties of BaSi2

(see table I and left panel of Fig. 3.21). The z parameter has a minimum value of 0.525 at

14 GPa, and beyond this pressure a dynamical instability suggests a phase transition. In

this compound a maximum theoretical value of Tc = 7.58 K is attained. We can see how λ

increases steadily as pressure is applied, and Ωlog oscillates between 190 and 137 K.

Our results also offer an explanation to previous experimental findings in other similar

compound as CaSi2.
72 Right panel of Fig. 3.21 shows the transition temperatures as a

function of pressure, measured for different starting crystal of CaSi2 reported by Sanfilippo et

al.73 In this compound pressure leads for the trigonal structure an enhancement of transition

temperature, from less than 1K up to 14 K. For BaSi2 taking into account the experimental

distribution of measured values at ambient pressure, and comparing to our values found

within the McMillan formula, we can expect a maximal Tc for the trigonal structure of
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FIG. 3.21: Left chart: calculated transition temperature for the trigonal phase of BaSi2 as a
function of pressure. In this structure the parameter z down to a minimum value of 0.524 at 14GPa,
beyond this pressure a dynamical instability suggest a phase transition, therefore; theoretically, the
maximum value of Tc attained is 7.58K. Right chart: experimental evolution of Tc in pressure for
CaSi2, reported by Sanfilippo, et al.,73 In this compound the highest Tc attained is 14K at 16GPa.

Basi2 of ∼ 14 K for pressures between 10 and 15 GPa (just below the structural modification

predicted theoretically at 15 GPa).

III.4 CONCLUSIONS

In this Chapter we presented an experimental and theoretical study of alkaline earth

metal (AEM) disilicides. In the first part we reviewed their thermodynamic pressure-

temperature phase diagram, structural properties and synthesis of high pressure phases.

Then, we investigated the electronic and lattice dynamics in the semiconducting phases.

Using the Boltzmann transport formalism, the Seebeck coefficient was calculated for cubic

phases of AEM disilicides (CaSi2, SrSi2 and BaSi2). The electronic band structure revealed

the metallic nature of the systems. Additionally we obtained low Seebeck coefficients, in-

dependently of the metal substitution and over a wide range of doping.

Furthermore, we studied the layered phase of BaSi2, and we show that the buckling of

the Si sheets can be modified experimentally by using different pressure and temperature

synthesis conditions. The reason for such a behaviour can be found in our DFT calculations,

which evidences a broad low-buckling interval where the total energy changes by less than

50 meV (580 K) per unit cell as a function of z. The electronic band structure calculations

demonstrate that the density of states at the Fermi level significantly increases by reducing

the buckling of the Si planes. However, the flattening of the Si layers is limited by a
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structural instability concomitant with the softening of the Si optical buckling phonon mode

(A1g). The coupling of this mode with electrons is also dramatically enhanced by flattening

the Si planes, leading to an increase from 6 K to 8.7 K of the superconducting transition

temperature. Such competition between superconductivity and structural distortion can

be found in a wide variety of conventional superconductors, like the Chevrel-phases, the

transition metal carbides, the cubic Ba1−xKxBiO3, etc. This scenario is in full agreement

with our experimental and theoretical findings of an increase of Tc when Si planes flatten

out, and it is compatible with previous measurements on the disilicide CaSi2.
72,73 Moreover,

the mechanism of tuning Tc by controlling the buckling of the layers is likely to be present in

many other layered superconductors, and therefore can provide a new path for optimizing

Tc.
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CHAPTER IV

SUPERCONDUCTIVITY IN INTERCALATED AEM DISILICIDES

In the previous Chapter we showed the importance of the parameter z in BaSi2, also we

demonstrated how the structure can be tuned via high pressure and high temperature treat-

ment. Variations of parameter z can alter the electronic and the phononic structure resulting

in strong effects in the superconducting properties of BaSi2. In particular, the flattening

of Si planes tends to increase the transition temperature. In fact, to reach this flattening

of Si planes one requires of high pressure and high temperature treatments. However, this

situation is particularly difficult from the practical and experimental point of view. To cir-

cumvent this problem, in CaSi2, a flat metastable structure at ambient pressure can be in

principle stabilized through hole doping by filling the π-bands and increasing the sp2 char-

acter of silicon.112,113 Therefore, via doping or with chemical compression, one can expect

avoid the use of high-pressure and high-temperature treatments and have stable structures

with a relatively high Tc.

In this Chapter, we give an overview on intercalation in superconducting layered struc-

tures of alkaline earth metal (AEM) disilicides. Our aim is to provide a better understanding

of the intercalation process and the mechanisms behind the variation of Tc in AEM disili-

cides. First, we performed DFT calculations for different intercalating atoms in the MSi2

form, where M takes a divalent metal of the alkaline-earth column; Mg, Ca, Sr, Ba and

Ra. Next, we analysed the electronic structure, phonon spectrum, and the electron-phonon

coupling. A the end, we correlate these properties to the transition temperatures obtained

from McMillan’s formula in order to give hints on how superconductivity can be enhanced

in those layered systems.

IV.1 INTERCALATION OF LAYERED CRYSTALS

In this section we discuss the possibility of controlling z in two different ways: either

by external pressure (as we have seen in previous Chapter), or chemically (i.e., by changing

the intercalate metal). Based on the available Zintl-silicides (according to the 8-N rule),66

a large number of elements can serve as intercalating atoms, namely alkaline-earth metals

(Ca, Sr, Ba) and lanthanides (Eu, La, Ce, Pr, Th, Nd, Gd, Sm, Y, Dy, Yb, Er, Tm, and

Lu). Most of these Zintl binary silicides synthesized experimentally share the same layered

EuGe2 structure ( a trigonal system depicted in Fig. 3.3). In view of the large variety of

The results presented in this Chapter were published in: J.A. Flores-Livas, et. al. Phys. Rev. B 84,
184503 (2011).
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atoms that can be used to intercalate and the fact that those systems always present a metal

phase, makes disilicides an ideal testbed to study superconductivity in layered systems.

In order to study the effect of chemical pressure, we mainly focused on intercalation with

atoms of the column II-A (Mg, Ca, Sr, Ba, Ra). In addition, the effect of mechanical pressure

(external) could be explored for CaSi2 thanks to the availability of experimental data. Note

that in our set of calculations, we incorporated the hypothetical trigonal structures of MgSi2

and RaSi2 in order to better investigate the variation of Tc along the II-A column.†

Calculations were performed within DFT as implemented in the abinit code43. We

used the Perdew, Burke, and Erzernhof (PBE) generalized gradient approximation93 for

the exchange-correlation functional. The electron-ion interaction was described by norm-

conserving Troullier-Martins pseudopotentials94 generated with the same functional. We

also used the projector augmented-wave approach95 in a plane-wave pseudopotential for-

malism using the vasp code96. The phonon spectrum and the electron-phonon matrix

elements were obtained trough density-functional perturbation theory36,97. The spectral

function α2F (ω), that appears in the Eliashberg equations7, was calculated applying the

tetrahedron technique for the integration over the Fermi surface. Proper convergence of

these quantities was ensured by setting a cut-off energy of 30 Ha, a 16×16×16 Monkhorst-

Pack sampling of the Brillouin zone98, and a 4 × 4 × 4 q-grid for the phonon wave-vectors.

Superconducting transition temperatures were calculated through the McMillan-Dynes for-

mula.109,110

IV.2 CRYSTAL STRUCTURES

In Table IV.2 we present the lattice parameters a, c, and zopt that resulted from the

ab initio geometry optimization. As expected, going down the II-A column the unit cell

expands (with the exception of RaSi2). Moreover, for heavy atoms we obtain low buckled

structures (close to the AlB2 phase with a z=0.5) while for light atoms the distortion

increases leading to a highly buckled structure (larger z). In Fig. 4.1, we plot the total

energy as a function of the internal z parameter at fixed volume. Besides the variation of

values of z corresponding to the minimum of the energy curves, we can also notice that

the concavity of the curves increase with the increasing atomic number. This concavity is

related to the phonon mode that describes the off-plane deformation of the Si layers. One

can deduce that, especially for heavy metal atoms, it costs very little energy to change

significantly the corrugation of the layers. This was also verified experimentally, as it was

possible to produce samples of BaSi2 with different values of z by changing the synthesis

† Detailed information about the synthesis and properties of these compounds can be found in excellent
reviews on Silicon polymorphs and 2D Si-puckered layers by Yamanaka,66 Imai 70 and Demchyna.67
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TABLE I: Optimized lattice parameters and z values obtained trough DFT structural optimization
for the trigonal phase. Note that z tends to decrease as the mass of the intercalated metal atom
increases. We remind that z = 0.5 corresponds to flat layers.

System a c Volume zopt

(Å) (Å) (Å3)

MgSi2 3.70 4.86 57.6 0.602
CaSi2 3.89 5.01 65.5 0.585
SrSi2 3.96 5.13 69.6 0.573
BaSi2 4.07 5.40 77.4 0.560
RaSi2 4.07 5.09 73.1 0.556

procedure.71,91,99 In the case of BaSi2 it turned out that the structures with values of z

closer to 1/2 were more interesting as they exhibited larger values of Tc.
99

In order to explore the superconducting properties of disilicides we need to investigate

a reasonable range of values of z. To have a working definition for this range, we kept the

cell parameters fixed at their theoretical minimum (energy), while allowing z to vary in a

region that maximizes N(EF), λ and Tc, but at the same time assuring the stability of the

structures by verifying that phonon frequencies are real. In our opinion, this recipe gener-

ates a reasonable range of z that we can use to discuss the maximum possible transition

temperature for each one of the elements of the MSi2 family studied in this work. We will

refer as “tuned z” to the value of z = ztuned that maximizes the density of states at the

Fermi level and the superconducting transition temperature, while yielding real phonons.

Those values of z are marked by empty squares in Fig. 4.2 and listed in Table II. Figure 4.2

summarizes the ranges of z we used in this work (left panel), together with the correspond-

ing variations in the Si–Si distances (right panel). We emphasize that all these intervals

correspond to variations of the total energy of only a few tenths of meV per MSi2 unit (for

example for BaSi2 it correspond to less than 50 meV.) Small atomic numbers (Mg, Ca)

favor highly buckled structures, while the SrSi2 system exhibits an intermediate behaviour.

Finally, the heavier and larger atoms (Ba and Ra) tends to decrease the corrugation due

to the increasing chemical pressure that they exert on the Si planes. It is clear that by

changing the intercalating atom, i.e. by applying chemical pressure, we can gain control on

the corrugation of the hexagonal Si planes.

Another way to modify the buckling of the Si planes is by applying external pressure.

As a function of increasing external pressure, it is intuitive that the buckling of the Si-Si

planes should decrease, while the Si–Si distance shortens (as the volume decreases). In the

case of CaSi2, for example, the stable z values go from 0.585 at zero pressure to z = 0.555 at
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FIG. 4.1: Total energy per MSi2unit calculated at0GPa and the its dependence on thezparameter
for the different disilicides. The concavity of the curve increases with increasing atomic number. This
concavity is related to the phonon mode that describes the off-plane deformation of the Si layers.

16 GPa, while the Si–Si distance reduces from 2.40̊A at zero pressure to 2.21Åat16GPa.

It is important to remark that the typical Si–Si bonding distance in a layered structure is

around 2.3–2.7̊A,66a range that is respected for all structures studied here at zero pressure.

The shortening of the Si–Si distance can be explained from the experimental compressibility

along thec-axis, larger by a factor of two than the one alongaorbaxes.70Note that under

pressure, as the buckling decreases and the atoms approach, the hybridization of the states

increases leading to a strong modification of the electronic properties. In the case of the

silicides this effect leads to an enhancement ofTc.

IV.3 ELECTRONIC STRUCTURE AND FERMI SURFACE

The calculated Fermi surfaces for the different metal intercalation are illustrated in

Fig. 4.3. For elements of the column II-A, at the tunedztunedvalues (see Table II and

empty squares in Fig. 4.2), the Fermi surface is composed of two parts: a large surface

centred at theApoints and smaller pockets around theM-points. For these compounds

the bands around theA-point have mostly Si 3pxycharacter and disperse much more in

thex-yplane than along vertical directions. For the BaSi2compound we found that at the

limit of structural stability (smallestz), a small third sheet of the Fermi surface composed

purely of Si 3sstates appears in the Brillouin zone. This third sheet can already been seen
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FIG. 4.2: Range ofzvalues (left panel) and Si–Si distances (right panel) for which phonon-
frequencies are real for the different systems studied. The black dots represent the fully relaxed
zopt/Si–Si distance, while the empty square shows the “tunedz” positionsztunedand the bar indicates
the range of stable structures. In the case of CaSi2we consider two different pressures of0GPa and
16Gpa.

at zero pressure in RaSi2, due to the negative chemical pressure exerted by this large atom.

A surprising fact is the influence ofd-states of the metal on the electronic properties, that

probably leads to the stability of the layered phase. In fact, MgSi2[see panel (b)] has a quite

different Fermi surface than the other compounds; composed of small pockets around the

Hpoint. This is very likely one of the reasons why neither Mg nor Be form spontaneously

a disilicide system. Finally in panels (c)and(d) of Fig. 4.3 one can distinguish the Fermi

surface of CaSi2at zero and 16 GPa. (Our calculations agree with the electronic structure

reported previously by Fahy,et. al.114) The increase of the surface with pressure is evident,

both aroundA-points, and in the pockets aroundM-points; at 16 GPa the wholeM–Lregion

is covered. Note that these latter states are composed predominantly by the hybridization

of Si 3pzand Ca 4dorbitals.

We now turn to the discussion of the electronic density of states at the Fermi level

N(EF), an important quantity for superconductivity. From Fig. 4.4, we can see that
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FIG. 4.3: (a) Brillouin zone illustrating high symmetry points. Fermi surfaces of (b) MgSi2, (c)
CaSi2 at 0GPa, (d) CaSi2 at external pressure of 16 GPa, (e) SrSi2 and (f) RaSi2. For RaSi2, note
a band appearing at Γ composed purely of 3s-states coming from silicon.

for relaxed zopt the value of N(EF ) with respect to the intercalating atom does not vary

monotonously across the II-A group (green dashed bars), it decreases from Mg to Ca, and

then increases again until Ra. The situation is different if one uses the tuned ztuned (grey

solid bars), N(EF ) now increases as a function of the atomic number of the metal. For

light metals (like Mg), the out-of-plane Si phonon mode is stiff, and therefore there is not

much freedom in flatting the planes. This leads to a small difference between N(EF ) at

the relaxed and tuned z. On the other hand, for Sr and Ca one can increase the density of

states by 40% and 60% respectively by tuning z. This effect is even larger under pressure.

For example, at 16 GPa and at the low buckling state, one can increase the density of states

at the Fermi level of CaSi2, relatively to its zero pressure and relaxed zopt by as much as

80%. This effect is explained by the large compressibility of along c-axis, which leads to

an important decrease of volume, and by the softness of the off-plane Si phonon mode that

easily allows for large variations of z.
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FIG. 4.4: Occupation of the electronic density of states at the Fermi level N(EF) for the systems
studied in this work. Light-green bars represent the calculated with relaxed geometry z = zopt, while
black bars are obtained for the tuned values z = ztuned.

IV.4 PHONONS IN INTERCALATED DISILICIDES

Since there are 3 atoms per unit cell in the trigonal phase of metal-disilicides, the phonon

band structures are composed by three acoustic and six (3×3-3) optical branches. The me-

chanical representation for motif in the 1a and 2d (crystallographic sites) in the space group

P -3m1 is M = A1g + 2A2u + 2Eu +Eg, where A1g and Eg (double degenerate) are Raman

active modes, and A2u and Eu (double degenerate) are IR active modes (infrared). The

three higher frequency optical modes involve vibrations of Si atoms composing the hexago-

nal planes, while the other three lower energy optical modes are out-of-phase vibrations of

Si and metal atoms. These six optical modes relative to the P -3m1 crystal symmetry, are

depicted in Fig. 4.5. The Eg modes describe the in-plane oscillations of Si atoms, while the

Eu mode corresponds to the combined out-of-phase movement of Si and metal atoms in the

xy plane. On the other hand, the A1g and A2u modes are characterized by the out-of-plane

oscillations of Si atoms, and out-of-phase Si and metal atoms.
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FIG. 4.5: 6 optical phonon modes present in the trigonal phase (P -3m1) of AEM disilicides. Eg

modes involve the movement of Si atoms in the xy plane and A1g modes represent the out-of-plane
motion of Si atoms. Double degenerate Eu modes are displacements of individual metal and Si atoms
in the xy plane and A2u modes are the corresponding out-of-plane displacements.

IV.5 TRANSITION TEMPERATURE IN AEM-DISILICIDES

Figure 4.6 shows the phonon band dispersions for different metal disilicides studied in

this work calculated at tuned values (ztuned) of the internal parameter z. In view of the

previous experimental and theoretical findings for BaSi2,
99 these results give the highest

Tc that is possible to attain for each system. There are two important consequences of

decreasing the values of z: (i) There is a softening of the phonon modes. In the case of

BaSi2, for example, the major effect is on the A1g mode. (ii) As we approach an unstable

phase, we generally witness an increase of the electron-phonon interaction. For each phonon

band structure plotted in the left panel of Fig. 4.6 we also plotted the corresponding spectral

function α2F (ω), in order to elucidate the origin of the superconducting properties. We

remind that, in conventional phonon-driven superconductivity, the basic recipe suggests

that we should have high-frequency phonon modes strongly coupled to electrons in order to

attain large transition temperatures.

Quantities important for superconductivity like Ωlog, and λ were calculated from the

electron-phonon spectral-function α2F (ω) [see Table II]. Tc was calculated solving the

McMillan-Allen-Dynes’s equation.109,110 There are two principal issues concerning the use
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FIG. 4.6: Left panels: phonon band structures of disilicides studied in this work. Right panels:
Eliashberg spectral functionα2F(ω) for each structure, calculated for the values ofztunedreported
in Table II.
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of this formula: (i) this formula requires a value for the parameter μ∗, that describes the

decrease of the transition temperature due to the breaking of the Cooper pairs interacting

through the repulsive Coulomb interaction. In the overwhelming majority of calculations of

Tc this value is semi-empirical, or specified through a more or less educated guess. Typical

values of μ∗ are between 0.1 and 0.2. For Tc values show in Table II, we used μ∗ = 0.1.

(ii) McMillan’s formula neglects multi-band effects that are known to increase considerably

Tc for materials like MgB2. As the structures studied here have several bands crossing the

Fermi level, one can expect that our calculated values for Tc are slightly underestimated.

This eventually could explains small differences between our calculated transition tempera-

tures and experimental values for BaSi2 and CaSi2. In spite of these two limitations, trends

should, however, be correctly described.

As expected, we find in general a softening of the phonon modes as the mass of the

intercalated metal atom increases. The acoustic modes are also found to disperse less for

heavier metals. From the α2F (ω) plots we see that all phonon modes couple to electrons,

but that the relative weights of each phonon vary with the intercalating metal. For example,

for Mg, acoustic modes are by far the most important, while for Ca we also see a big peak

coming from the high-energy Eg phonon branch, and for Sr, Ba, and Ra the mixed Si-metal

lower energy optical modes play an important role. For the lightest II-A metal studied, Mg,

decreasing the buckling does not have a major influence on the A1g out-of-plane vibration

that remains (at Γ) close to 340 cm−1, while the Eg frequency at Γ remains at around 470

cm−1. In this case, the phonon modes that cause the structural instability with decreasing

z are the acoustic modes that become imaginary at the points M and H of the Brillouin

zone. Regarding the spectral function α2F (ω) we see that the strongest electron-phonon

coupling involves acoustic phonons. Consequently ωlog is relatively low, which, combined

with the moderate λ = 0.79, leads to a maximum Tc for this structure of around 6 K.

Superconductivity in CaSi2 has been studied experimentally by Sanfilippo et al.73 as a

function of pressure, and it was found that this compound can achieve transition tempera-

tures of the order of 14 K (see right panel of Fig. 3.21). The samples with highest Tc turned

out to be close to the phase transition (at around 16 GPa) between the EuGe2 phase and

the AlB2 structure of CaSi2 predicted by Kusakabe115, which consist in completely flat Si

planes (z = 1/2). However, linear-response calculations of the AlB2 phase lead to imagi-

nary phonons, and geometry optimization starting from the AlB2 structure with a slightly

broken symmetry yields again a highly buckled structure.116 These are clear indications

that the AlB2 structure is not stable in the relevant pressure range. On the other hand,

the superconducting transition temperatures of EuGe2 phase had been previously studied

by Nakanishi117 and Loison.116 Both works, found a theoretical Tc much smaller than the
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maximum experimental value of 14 K at 16 GPa.73 To resolve this issue we note (as we know

from BaSi2) that it is possible to modify z experimentally by applying external pressure,

and consequently to enhance superconductivity in CaSi2.

In Fig. 4.6 we show the phonon dispersion for CaSi2 calculated at the smallest z for which

the lattice is theoretically stable. The highest phonon mode (that is strongly coupled to the

electronic states) is the Eg in-plane vibration of the Si atoms at around 580 cm−1. Then, at

Γ we find the A2u mode at 240 cm−1, and the A1g around 310 cm−1. Note that these values

are lower than the ones calculated by Nakanishi117 and Loison116 for the trigonal phase of

CaSi2. This can be easily explained by the different z used in the calculations, as these

previous works used the larger value obtained by geometry minimization within standard

DFT. Moreover, it is interesting to see how the superconducting transition temperature

increases with decreasing value of z. At 16 GPa, and for the highly buckled sample z =

0.5876, λ = 0.3 and Tc = 0.1 K in agreement with the previously calculations.117 Decreasing

z to 0.57 leads to Ωlog = 220 K and to a slight increase of λ = 0.44 and Tc = 1.5 K. As one

reaches z = 0.56, there is a sudden increase of the electron-phonon coupling constant to λ

= 0.90 with a Tc = 5.85 K. Finally, just before the structure instability indicated by the

presence of imaginary phonon frequencies, we obtain for z = 0.557 the values of λ = 1.1,

Ωlog=100 K, and Tc = 8 K. This number is of the same order of magnitude of the maximum

experimental Tc = 14 K found for CaSi2. The slight underestimation can, moreover, be

attributed to the neglect of multi-band effects in the McMillan’s formula used. We can now

see that the large experimental values of Tc for CaSi2 can be explained without resorting to

exotic superconducting mechanisms. Furthermore, the presence of samples with different

values of z, can justify, in the same way as for BaSi2,
99 the dispersion of values of Tc found

experimentally. From panel (b) of Fig. 4.6 we can see that for CaSi2 the phonon modes

that contribute more to α2F (ω) and therefore to λ, are the two Eg modes and the acoustic

modes. We should note that, in this case, the acoustic Ca-modes become imaginary at low

values of z, and therefore are responsible for driving the system to instability.

In the case of heavier intercalated atoms (Sr, Ba, and Ra), we find that the phonon

dispersions show very similar structures, the main difference being the energy of the eigen-

modes. The spectral function reveal two main peaks contributing to superconductivity: the

first, due to the acoustic modes, less sensitive to changes in z, and the second peak, due

to the coupling of electrons with the A1g mode, that moves to lower frequencies for smaller

values of z. Descending the II-A column we can also see how the decrease of z induced

by the chemical pressure (i.e., by increasing the size of the intercalating atom) leads to an

increase of the electron-phonon coupling constants and of the superconducting transition

temperature. In fact, the Sr compound has the lowest value of λ with 0.50, leading to Tc =
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TABLE II: Superconducting transition temperatures calculated for different MSi2 silicides. The
transition temperatures were calculated using Allen-Dynes modification of McMillan’s formula.109,110

The neglect of multi-band effects111 in McMillan’s formula can underestimated Tc.

System P (GPa) ztuned λ Ωlog (K) Tc (K)

MgSi2 0 0.593 0.79 132 6.0
CaSi2 0 0.565 0.42 190 1.0
CaSi2 16 0.558 1.1 100 8.0
SrSi2 0 0.565 0.50 187 2.2
BaSi2 0 0.545 0.77 156 6.8
RaSi2 0 0.544 0.93 134 8.3

2.2 K, followed by Ba with λ = 0.77 and Tc = 6.8 K. Finally, Ra leads to the highest values

λ = 0.93 and Tc = 8.3 K.

In fact, the order of compounds from the highest Tc to the lowest is as follows: SrSi2,

MgSi2, BaSi2, CaSi2, and RaSi2. For the heavy intercalating metals, the lattice instability

related to the flattening of the hexagonal Si layers comes through the acoustic metal-branch

that becomes imaginary for small values of z. This is a further evidence of flattening as a

mechanism to enhance Tc. Moreover, it is interesting to consider the relationship between

superconductivity trends in the MSi2 family and silicon clathrates having the same guest

atoms (Ca, Sr, Ba). Both families are intercalated silicon structures, but they exhibit differ-

ent structural constraints. Actually, there is no analogous to the buckling tuning parameter

of MSi2 in silicon clathrates, which on the other hand possess various intercalation sites. If

we consider the simplest and more studied case of the type-I clathrate structure M8Si46 with

only two intercalation sites, it has been suggested that the McMillan approximation holds

with Tc essentially controlled by the density of states at the Fermi level.56,118 This leads to

a stronger dependence of Tc on the nature of the guest atom119 as there is no additional

structural tuning parameter.
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IV.6 CONCLUSIONS

In the current Chapter, we studied several compounds belonging to the family of AEM

disilicides, namely MgSi2, CaSi2, SrSi2, BaSi2, and RaSi2. We calculated using ab initio

density-functional theory the electronic properties, phonon dispersions, electron-phonon

coupling and superconducting transition temperatures. All these quantities were obtained as

a function of the internal coordinate z, an important parameter that measures the buckling

of the hexagonal Si-planes in the structure.

Our results show that it is possible to increase the density of electronic states at the

Fermi surface in two different ways, either by reducing the buckling of the Si planes by

means of external pressure, or by intercalating heavier atoms between the Si sheets. Both

paths are equally effective. However from the practical side, the intercalation is easier

to achieve than the high pressure and high temperature treatment. The phonon modes

show, as expected, a softening with increasing atomic number of the metal, and the largest

electron-phonon coupling comes normally from the acoustic and lowest-lying optical modes.

The calculated electron-phonon coupling constants explain the superconductivity in CaSi2

and BaSi2 without the need of invoking exotic superconducting mechanisms. Furthermore,

the experimental dispersion of values of Tc can be easily explained by the presence of samples

with different values of z.
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CHAPTER V

SUPERCONDUCTIVITY IN DISILANE

In this Chapter we study the crystal structures of disilane and its superconducting state in

the megabar range of pressure. In 1968, Ashcroft predicted the possibility of metallization

of hydrogen and the superconducting state at high pressures. These predictions were based

on the BCS-theory, and motivated by the simple idea of the existence of high phonon

frequencies due to the light H mass, and strong covalent bonding related to the lack of

core electrons.120 Since that work, the possibility of pressure induced superconductivity in

simple elements has intrigued many researchers. In the following years, superconductivity

under pressure was discovered in several elements and compounds.58 The most notable

examples showing an increase of the transition temperature at high pressures are the family

of: alkali and alkaline-metals Li, Ca, Sr, and Ba,121–124 lanthanides such as La, Ce, Y,

Lu and Sc,125,126 transition metals, V and Zr,127,128 on semimetals as Si and B,129,130 non-

metals such as P and S,131,132 and plutonium-based compounds,133 even diamond134 and in

oxygen was reported the possibility of attain metallization and superconductivity.135 In fact,

Sulphur (S) is currently the elemental high-Tc record holder, achieving 17 K at 160 GPa.131

Nevertheless, we should note that the transition temperatures found in all the examples

listed above are less than 20 K in the experimentally explored range of pressures.

More recently, the early predictions of Aschcroft on superconductivity in hydrogen were

reinforced with the use of novel theoretical techniques, such as the density-functional theory

for superconductors.31,136,137 The calculated Tc were recently estimated to be as high as

240 K at pressures of around 450 GPa.138,139 However, the synthesis of metallic hydrogen

has been found to be experimentally challenging, and even at extremely high pressures

(≈ 340 GPa) metallization has not been observed.140,141 Indeed, this is in agreement with

theoretical calculations, that predicted the metallic transition above 400 GPa (a pressure

beyond current experimental capabilities).

To circumvent this problem, it was recently suggested that metallization could be

achieved at relatively lower pressures in hydrogen rich materials, where hydrogen is

chemically “pre-compressed.”142 Several investigations of such compounds have appeared

in the literature, primarily focusing on group IV-hydrides, such as: highly compressed

silane, 143–148 germane,149 stannane,150,151 and inclusively platinum-hydride.152 These

works showed the possibility of metallic phases with relatively high Tc and indeed, at mod-

erate pressures. Experimentally, Eremets et al. studied the case of silane SiH4, for it was

The study presented in this Chapter was published in: J.A. Flores-Livas, M. Amsler, et. al. Phys. Rev.
Lett. 108, 117004 (2012)
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FIG. 5.1: Enthalpy per formula unit of disilane as a function of pressure with respect to elements
in their solid form 2Si(s) + 3H2(s). The decomposition enthalpies were computed from the predicted
structures of hydrogen157 and high pressure phases of silicon.158,159 Disilane structures with super-
script a are proposed in this work and superscript b from Ref.160 The dynamical instability towards
the Cmc21 phase is indicated by the arrow.

reported crystallization and metallicity above 50–130 GPa153–156 and even a superconduct-

ing behaviour found above 190 GPa.153

Following this idea of “pre-compressed” hydrogen rich materials, we investigated the

high pressure phases of disilane (Si2H6) and its superconducting behaviour. This Chapter

is the result of a fruitful collaboration with the theoretical group of Professor Goedecker at

the University of Basel. In the first part of this Chapter, we present results of the phase

diagram of disilane and the evolution of the crystal structures under pressure. The rest of the

Chapter concerns the analysis of the electronic structure, phonons, and superconductivity

at the megabar range of pressure. At the end, we discuss our conclusions.

Details of the Minima Hopping calculations

We used the recently developed minima hopping method (MHM) of Amsler† and

Goedecker162,163 for the prediction of low-enthalpy structures. The only input was the

chemical composition of a system. The MHM aims at finding the global minimum on the

enthalpy surface while gradually exploring low-lying structures. Moves on the enthalpy

†For details see the PhD Thesis of Amsler.161
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FIG. 5.2: Crystal structures of the Cmcm phase at 200GPa and the P–1 phase at 300GPa. Si
and H are pictured in yellow and light-grey, respectively.166

surface are performed by using variable cell shape molecular dynamics with initial veloci-

ties approximately chosen along soft mode directions. The relaxations to local minima are

performed using the fast inertia relaxation engine164 by taking into account both atomic

and cell degrees of freedom. We performed simulations for cells containing 1, 2, and 3 for-

mula units of disilane (Si2H6) covering a wide range of pressure between 40 and 400 GPa.

The initial screening of the enthalpy surface was carried out using the MHM together with

Lenosky’s tight-binding scheme extended to include hydrogen.165

The most promising structures found during the initial sampling were further studied

at DFT level using the abinit code43,167 within the Perdew-Burke-Ernzerhof exchange-

correlation functional93 and norm-conserving Hartwigsen-Goedecker-Hutter (HGH) pseu-

dopotentials.168 The plane-wave cutoff energy was set to 1400 eV, and Monkhorst-Pack

k-point meshes98 with a grid spacing denser than 2π × 0.025 Å were used, resulting in a

total energy convergence better than 1 meV/atom. Finally, in order to confirm that the

tight-binding scheme was able to correctly sample the enthalpy surfaces, we performed

MHM simulations for the selected pressures of 100 GPa, 200 GPa, 280 GPa, and 320 GPa

at the DFT level. We further characterized the structures found by calculating the phonon

spectrum, the electron-phonon coupling, and the superconducting transition temperature

Tc. The phonon spectrum and the electron-phonon matrix elements were obtained from

density-functional perturbation theory.36 The spectral function α2F (ω) was integrated over
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FIG. 5.3: Left panel: phonon band dispersion of theCmcmstructure at200GPa. Right panel:
the corresponding calculated Eliashberg spectral functionα2F(ω)(solid line) and decomposition of
phonon partial density of states (yellow: silicon, light-blue: hydrogen).

the Fermi surface by applying the tetrahedron technique. Convergence of the these quan-

tities was ensured by a 16×16×16 Monkhorst-Packk-point sampling,98and a 4×4×4

q-point sampling for the phonon wave-vectors. The above settings result in aTcconverged

within less than 1 K.

V.1 METALLIC STRUCTURES OF DISILANE

In Fig. 5.1 the enthalpy of the different phases found in our MHM simulations is shown

with respect to decomposition towards elemental silicon and hydrogen. During our simula-

tions we found a new low-enthalpy metallic phase of disilane (see Fig. 5.2). This structure

belongs to theCmcmspace group, and is the lowest enthalpy structure from 100 GPa up

to 280 GPa. At 200 GPa, its conventional cell parameters area=7.965̊A,b=2.705̊A, and

c=4.728̊A, with one silicon atom occupying the 8ecrystallographic site at (0.141,0,0) and

three hydrogen atoms occupying 8g,8gand 8fsites at coordinates (0.293,0.173,0.250),

(0.086,0.302,0.250) and (0.000,0.311,0.895), respectively. A sketch of the proposedCmcm

structure is shown in panel (a) of Fig. 5.2. The crystal arrangement is composed of hydrogen

atoms embedded into a framework of five-fold coordinated silicon atoms. The silicon-silicon

bond length is around 2.28̊A, and each silicon atom is surrounded by six hydrogen atoms

with an average bond length of 1.52Å. Furthermore, as seen in Fig. 5.1, crystalline disilane
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FIG. 5.4: Phonon band dispersions ofCmcmstructure at90GPa,230GPa and at260GPa. The
phonon band dispersion ofP–1structure is shown at300GPa (d).

is enthalpically unstable toward decomposition to elemental silicon and hydrogen below

95 GPa. Note that the decomposition to silane SiH4together with elemental silicon and hy-

drogen is enthalpically possible up to pressures of 190 GPa. This compositional instability

represent a challenge for the synthesis of crystalline disilane, whose outcome depends on bar-

rier heights and on the dynamics of the decomposition. Also from Fig. 5.1 we can note that

at pressures above 280 GPa, thePm–3mphase is favoured, competing with several other

structures reported by Jinet al.160In addition to these previously known structures, our

simulations revealed another low-lying phase withP–1 symmetry beyond 300 GPa, whose

structure is shown in Fig. 5.2 panel (b). However, in the high pressure limit, all these struc-

tures lie in a very small enthalpy range which is within our numerical precision. In fact,

taking into account the zero-point vibrational energies might easily change the energy or-

dering, and in general one can expect that at finite temperature the competing low-enthalpy
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phases are present as an admixture.

V.2 SUPERCONDUCTING DISILANE AT HIGH PRESSURE

In order to calculate the transition temperatures (Tc) of the proposed structures of

disilane, we evaluated the dynamical stability of the system at several pressures. The

phonon band dispersion of Cmcm phase at 200 GPa can be seen in left panel of Fig. 5.3,

while the partial phonon density of states is shown in the right panel. As expected, the

low frequency domain (<700 cm−1) is dominated by the vibrations of the silicon framework,

whereas the high end of the spectrum extending up to 2300 cm−1 is solely due to the light

hydrogen atoms. The Cmcm structure is dynamically stable up to 220 GPa. However, if the

pressure is increased beyond 225 GPa a dynamical instability arises. This is clearly visible

in panel (b) of Fig. 5.4, the phonon band dispersion at 230 GPa, where arrows indicate the

imaginary (plotted as negative) frequencies.

(a) (b) (c) (d)

FIG. 5.5: Fermi surface of the Cmcm phase at several pressures: (a) 100GPa, (b) 140GPa,
(c) 160GPa, and (d) 220GPa.169 The diminution of the Fermi surface is visible in the (blue-light)
spherical region near the centre of the Brillouin zone.

Following the eigendisplacements of this mode (along the soft mode related with the dy-

namical instability) and performing a full relaxation of the structure with DFT, we found a

new structure (dynamically stable) with Cmc21 symmetry. Compared to the Cmcm phase,

the silicon framework remains essentially intact while the hydrogen atoms are slightly dis-

placed, partially breaking the symmetry. Due to the strong similarities between the Cmcm

and the Cmc21 structures we do not expect large differences in their phonons or supercon-

ducting properties. A similar analysis as above has been carried out following a further

imaginary frequency arising at the S-point when the pressure is increased above 260 GPa

[panel (c)]. The resulting structure found by following the corresponding eigendisplacements

resulted in a structure with P1 symmetry.

In order to investigate the superconducting properties of the Cmcm phase, we use
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TABLE I: Superconducting properties of the disilane’s Cmcm phase. The transition temperatures
were calculated using McMillan’s formula.

Pressure (GPa) λ Ωlog (K) Tc (K) Tc (K)
μ∗ = 0.1 μ∗ = 0.13

100 0.84 478 24.5 20.1
140 0.68 553 18.0 13.6
160 0.66 556 16.9 12.8
200 0.68 501 16.4 12.4
220 0.76 384 16.4 13.0

McMillan’s approximate formula for the superconducting transition temperature Tc.
109,110

As we discussed already in the previous Chapters (IV and V) McMillan’s formula requires

the weighted-average of the phonon frequencies Ωlog, the average of the electron-phonon

interaction λ and the dimensionless Coulomb pseudopotential μ∗. Ωlog and λ were calcu-

lated from the Eliashberg spectral function α2F (ω). In right panel of Fig. 5.3, solid lines

represent the Eliashberg spectral function of Cmcm phase at 200 GPa. One can distin-

guish three main features from the spectra: (i) the contribution of low-optical modes of

the silicon framework vibrating below 700 cm−1 that couple efficiently with the electrons,

(ii) two intense contributions from hydrogen-electrons around 1450 cm−1 and 1600 cm−1,

and (iii) high frequency modes of hydrogen above 2000 cm−1 contributing significantly to

the spectra. The superconducting properties of Cmcm structure calculated for different

pressures are summarized in Table I, using two different values for the Coulomb pseudopo-

tential, μ∗ = 0.1 and μ∗ = 0.13. Assuming the larger of those values, the superconducting

transition temperature Tc is 20.1 K at 100 GPa, decreasing to 13.0 K at 220 GPa. We should

emphasize that the Tc of the Cmcm phase is approximately a factor of 6.5 smaller than the

reported for the P–1 structure160 at 200 GPa, and that the Cmcm phase is the lowest en-

thalpy phase. This raises serious doubts on whether high-Tc superconductivity will ever be

achieved in silane materials under reasonable pressure. Furthermore, a decreasing Tc with

respect to increasing pressure170 has also been reported in other hydrogen rich materials,

experimentally and theoretically in silane and in PtH.152,153,171

The superconducting properties of Cmcm structure are strongly related to its electronic

structure. We show in Fig. 5.5 the evolution of the Fermi surface as a function of pressure.

Three electronic states compose the Fermi surface. The first (magenta) and the second (yel-

low) states cover an important portion of the Brillouin zone and remain nearly unaltered as
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the pressure increases, whereas the third (cyan) state changes substantially. The contribu-

tion of this third state to the Fermi surface consists on spherical regions near Γ-points. This

band connects two main portions of the Fermi surface. Therefore, a high density of state

at the Fermi level (Nf ) will be reflected in higher values of Tc at low pressures: λ = 0.84

and Ωlog = 480 with a Tc of 20 K at 100 GPa. However, as the volume of the structure

decreases with increasing pressure, this sphere-like feature of the Fermi surface is abruptly

reduced. This is illustrated in Fig. 5.5. Consequently, at 160 GPa the superconductivity Tc

and (λ) clearly decrease, while Ωlog only slightly increases; λ = 0.66, Ωlog = 556, yielding

Tc = 12.4 K.

V.3 CONCLUSIONS

In this Chapter we presented a thorough investigation of the high-pressure phases of

disilane by using first-principles calculations. Applying the minima hopping method to

explore the potential energy surface of disilane, we found a metallic structure which is

enthalpically favourable compared to the previously proposed structures of disilane. In

fact, in cases for a given stoichiometry the actual arrangement of the atoms (or energetic

landscape) differs just few kbT , and this difference actually counts for the correct description

of a ground state. This is especially true when one wants to predict accurately the physical

properties of the ground-state of any new material. Additionally, the systematic study of the

superconducting properties as a function of pressure shows that the Cmcm phase possesses

a moderate electron-phonon coupling, leading to a superconducting transition temperature

in the 10–20 K range. The transition temperatures calculated by Jin et al. for several

structures of disilane yield values of Tc roughly an order of magnitude higher than to those

presented in this work.172 This result stands in sharp contrast with the Tc found in the

structures previously proposed for disilane under pressure. Moreover, we observed that the

transition temperature of the Cmcm structure has the tendency to decrease monotonically

with applied pressure, which can be understood by the shrinking of a part of the Fermi

surface. This decrease of Tc is in agreement with most theoretical and experimental results

of hydrogen rich materials, including silane.152,153,171 Certainly, this does not imply that

superconductivity in hydrogen rich materials is limited to relatively low values of Tc for a

reasonably high pressure, but our results do impose strong constraints on the possibility of

high-Tc superconductors based in silicon-hydrogen systems.

We conclude this Chapter leaving a clear message, the necessity of perform accurately

global geometry optimizations to truly predict the physical properties of the ground state

of any new material.
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CHAPTER VI

A NEW CARBON ALLOTROPE AT HIGH PRESSURE

Carbon is a special element thanks to the extreme feasibility to form sp, sp2, and sp3

bonds. At ambient pressure, it is usually found as graphite (the most stable structure)

or as diamond, but the richness of its phase diagram does not end there, and many other

structures can coexist at ambient conditions, such as fullerenes, carbon nanotubes (different

size) and amorphous carbon, etc. Recently, forceful experimental data indicated a structural

transformation of graphite into a new superhard phase with full sp3 bonding occurring in

the range of pressure of 10–20 GPa.173 Many structures were proposed during the past years

to explain this structural transformation. Specially we proposed a new sp3-carbon allotrope

called Z-carbon. This structure was found by ab initio calculations by exploring the energy

landscape of carbon at high pressures using the minima hopping method.162,163

A series of competitive structures have been also proposed from other theoretical

groups.143,174–177 It is surprising the fact that most of these proposed sp3-structures are

more stable than graphite exactly in the experimental range of pressure of 10–20 GPa (where

the structural transformation occurs) and also most of the structures proposed could even-

tually explain the experimental observations. Despite the potential applications of this

new superhard phase of carbon, still highly debated which is the crystal structure behind

the transformation of graphite. Therefore, the aim of this Chapter is to shed-light on the

phase transformation of graphite. First we present different sp3-carbon structures and the

experimental evidence for the existence of Z-carbon. Then, we will explore the fingerprint

signal characteristic of Raman-active modes in graphite under pressure. At the end of the

Chapter, we analyse the simulated first-order Raman spectra of sp3-carbon allotropes under

pressure and compare with our experimental measurements. This Chapter is the outcome

of a successful collaboration of three different groups, the theoretical group at the Univer-

sität Basel, our theoretical group and the experimental group of high-pressure physics at

the Université de Lyon 1.

The research presented in this Chapter was published in: M. Amsler, J. A. Flores-Livas et al., Phys.
Rev. Lett. 108, 065501 (2012) and J. A. Flores-Livas, L. Lehtovaara, et. al., Phys. Rev. B 85, 155428
(2012)
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VI.1 CARBON ALLOTROPES AND CRYSTAL PREDICTION

The possibility of a new phase of carbon was set forth in pioneering works early in the

1960s by Bundy et. al.178 In the following years, evidences for a structural phase transition

in compressed graphite were reported in numerous experiments using different techniques,

such as XRD, IXS, Raman scattering, resistivity and optical measurements, etc.173,178–182

This phase transition was suggested to appear above 10 GPa at ambient temperatures∗

(< 300 K) and this phase seems to be metastable when cooled down below 77 K.183 In

addition, from the theoretical side the pressure-induced phase transition of graphite has

been intensively studied.184

Crystal structure prediction methods, such as evolutionary algorithm174,175,185 (US-

PEX), random sampling (AIRSS),143,176 particle-swarm optimization (PSO) algorithm,177

and minima hopping method (MHM),162,163 have been employed to reveal the crystal

structures of carbon at high pressure. Indeed, this vast systematic search predicted a

new series of carbon allotropes, such as 3D-carbon nanotubes,186 superdense-superhard

carbon allotropes,187,188 and several carbon crystals under pressure: hybrid sp2–sp3

diamond-graphite structures,189,190 M-carbon,191 Bct-C4,
192,193 W-carbon,194 and recently

Z-carbon,195 to name a few.

VI.2 Z-CARBON

The common procedure to search for new crystal structures is to perform a systematic

survey of the enthalpy surface using some structure prediction method. Crystal prediction

is a complex and challenging task. Therefore, one needs to use an efficient methodology

to explore the potential energy landscape in order to achieve the global minimum of the

system. In this work, we used the minima hopping algorithm,161,185 which is based on two

main principles: (i) first, a feedback mechanism to avoid trapping that recognizes which

regions were already visited previously during the run, (ii) second, it exploits the Bell-Evans-

Polanyi principle, which gives a higher probability that the catchment basin into which one

hops belongs to a low-energy local minimum.

We employed for the first time the minima hopping method162 generalized to periodic

systems163,196 to explore the possible low-enthalpy phases of carbon. By using simulation

cells with 4 and 8 carbon atoms at constant pressure of 15 GPa, we found, besides all the

previously proposed structures of compressed graphite, a novel carbon phase that we called

Z-carbon. This structure has Cmmm symmetry (see Fig. 6.1) and, like diamond, is composed

∗This is contrary to the synthesis of synthetic-diamond which require chemical precursors and tempera-
tures above 1500 K.
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Z-Carbon

W-CarbonM-Carbon BcT-C4

Hex-Dia

Cub-Dia

FIG. 6.1: Several carbon structures with sp3 chemical bonding studied in this work.166 The struc-
ture of Z-carbon (orthorhombic crystal) has four-membered and non-planar eight-membered rings.
Cubic-diamond, hexagonal-diamond, M-carbon (monoclinic), Bct-C4, and W-carbon (orthorhombic).

of sp3 bonds. The conventional unit cell has 16 atoms with cell parameters at 0 GPa of

a = 8.668 Å, b = 4.207 Å, and c = 2.486 Å, yielding a cell volume of V0 = 90.7 Å3. The

structure has two inequivalent carbon atoms occupying the 8p and 8q crystallographic sites

with coordinates (1/3, y, 0) and (0.089, y, 1/2), where y = 0.315. The structure contains

four-, six- and eight-membered rings, where planar four-membered rings and non-planar

eight-membered rings join together buckled graphene sheets. The most plausible transition

pathway from graphite to Z-carbon is a combination of sliding and buckling of the graphene

sheets. The naturally staggered, i.e. AB stacked, graphene sheets slide along the [210]

direction to an aligned AA stacking while the inter-layer distance decreases, and the aligned

graphene sheets deform to create an alternating armchair-zigzag buckling. In order to

investigate the relative stability of Z-carbon, the calculated enthalpy difference with respect

to graphite of several allotropes are compared in Fig. 6.2 as a function of pressure. Z-carbon

has the lowest enthalpy among all proposed cold-compressed graphite phases, becoming

more stable than graphite at 9.9 GPa (around 2.5 GPa below W -carbon).† To complement

our studies, we used the many-body (GW) technique to calculate the electronic structure,

revealing that Z-carbon is an indirect band-gap material with a gap of around 4.7 eV.

†Recently also other groups in Germany and China reported Z-carbon as the most stable structure, see
references.197,198
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FIG. 6.2: Calculated enthalpy difference per atom with respect to graphite of several carbon al-
lotropes as a function of pressure. Graphite is the horizontal line at zero. Z-carbon becomes more
stable than graphite at around 10GPa.

As consequence, this material is expected to be optically transparent, in agreement with

experiments.179,199 Furthermore, from a fit of the Murnaghan equation of state we obtained

a bulk modulus B0 = 441.5 GPa, and a calculated Vicker’s hardness Hv = 95.4 GPa.200

Both bulk modulus and hardness are extremely high and very close to the values of diamond

(Bdiamond
0 = 463.0 GPa and Hdiamond

v = 97.8 GPa), which is compatible with the observed

ring cracks in diamond anvil cells.173

We simulate the XRD spectra of Z-carbon and compare with the spectrum taken from

graphite under pressure.† In Fig. 6.3, we can see that the broadening of the peaks present

in the XRD spectra at high pressure can be explained by the coexistence of graphite and Z-

carbon. The (002) and the (101) reflections are the characteristic of 2D-staggered graphite.

As pressure increases, the intensity of those peaks is drastically reduced. Thence, at angles

of 9 − 10 ◦ in 2-Θ space, a considerable broadening is visible at pressure of 23 GPa. The

broadening and the increased intensity in this zone match perfectly the principal reflection

peak of Z-carbon, seen in the top panel of Fig. 6.3.

†Lorentzian and Gaussian contributions were used to build the simulated spectrum, parameters such as
GU , GV and GW were carefully tuned in order obtain a more realistic spectra.
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FIG. 6.3: Experimental XRD spectrum of compressed graphite (Bottom panel) at two different
pressures, taken from Mao, et al.173and our simulation of XRD spectrum for Z-Carbon at23.9GPa
and graphite at13.7GPa (top panel). The main peaks of Z-carbon match the observed changes.

VI.3 RAMAN SPECTRA OF CARBON AT HIGH PRESSURE

One of the most significant features of Raman spectroscopy is that it provides a unique

fingerprint of the intrinsic vibrational properties of a crystal. Therefore, Raman spec-

troscopy is an adequate technique to explore the phase transition of compressed graphite.

We performed extensive Raman scattering experiments carried out at room temperature

(300 K) in order to find signatures of the structure transformation. We used a diamond

anvil cell, (see details in Chapter II) to apply pressure on different samples (single crys-

tals of graphite and highly oriented pyrolitic graphite), were placed inside a 120-μmhole

drilled in an iconel gasket. We employed a Jobin-Yvon HR-800 Labram spectrometer with

double-notch filtering with resolution better than 2 cm−1and the excitation wavelenght of

514.5 nm line of an Ar+ laser. The pressure was determined by the ruby luminescence of

a small chip (<30 microns) and the laser was focused down to 3 microns with a power of

less than 20 mW on the sample.

We started by investigating the evolution of the principal Raman active mode of

graphite, the so-called G-band vibrating at 1579 cm−1(at 0 GPa), characteristic ofsp2-

carbon atoms vibrating in-plane withE2gsymmetry. In previous works, Hanflandet al.
199

showed a sub-linear behaviour of thisE2gmode under pressure, and an anomalous pres-

sure dependence of the Raman linewidhts at pressures above 10 GPa. In our experiments,
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FIG. 6.4:Evolution of the measured linewidht(ΓLor)of graphite under pressure, black-circles show
the reported values of Hanfland et al.199and the yellow area shows the threshold pressure for the
structural transformation; independent of the pressure transmitting medium.

we found a similar effect on the phonon energy and the linewidth of the G-band under

hydrostatic pressure, the results are summarized in left panel of Fig. 6.4. From the chart

one can observe the linewidth remaining nearly constant until around 9–10 GPa. Above this

value, the linewidth begins to broaden rapidly. This behaviour was interpreted as important

changes coming from the Raman cross section, indeed, caused by the interlayer coupling

and the formation ofsp3bonds. In other words, in graphite it is a sign of a structural

transformation at this pressure. As the pressure transmitting medium can eventually play

a role, two different pressure transmitting medium were tested in this study, namely argon

(Ar) and liquid paraffin. Our conclusion is that the influence of the pressure transmitting

can be neglected at relatively low pressures (P<30 GPa). Additionally, previous works of

Hanfland,et al.and Mao,et al.explored different transmitting medium, such as KCl (solid

salt) and liquid He. In fact, all transmitting medium giving the same threshold pressure

above 10 GPa (see left panel of Fig. 6.4). We may note that in Fig. 6.2, Z-carbon becomes

enthalpically favoured with respect to graphite at around 10 GPa, whereas all other pro-

posed structures cross the graphite line at significantly higher pressures. Of course this

evidence can not be considered as a direct proof of the existence of Z-carbon. But moti-

vates further investigations; now we will present a deep analysis on the vibrational modes

of carbon structures at high pressure.

In fact, the Raman scattering measurements carried-out at high pressure in diamond
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anvil cells (DAC), present a principal drawback to experimentalists; the DAC used in all

high-pressure experiments lead to an intense peak at 1332 cm−1 coming from T2g optical

mode of cubic-diamond, and this extends to higher frequencies as pressure is increased.

Unfortunately, is expected for sp3-carbon that their principal Raman-active modes will

lies in the same spectral range of cubic-diamond. In consequence, the identification of

possible peaks coming from new structures could be hidden around the diamond zone,

and as the Raman scattering efficiency of the longitudinal mode (T2g) of cubic-diamond

is large, it is very hard to distinguish a possible signal coming from the sample behind

the background signal of the cell. Nevertheless, the recently proposed allotropes belong

to different crystal families (e.g, monoclinic, orthorhombic), therefore; one could expected

that the crystals exhibit other Raman-active modes in a different range of frequency. In

addition, the evolution of these modes with respect to increasing pressure, can also provide

information which allows us to compare with experiments. Therefore, we examined the

first-order Raman activity for several carbon allotropes and their pressure dependence.

The carbon structures studied during this Thesis are show in Fig. 6.1. We included as

reference systems cubic-diamond (Fd − 3m) and hexagonal-diamond (P63/mmc) and the

recently proposed sp3-carbon allotropes: (i) M-carbon,191 a monoclinic system (C2/m) with

8 atoms per primitive cell, (ii) Bct-C4,
192,193 a tetragonal system (I4/mm) with 4 atoms

per cell, (iii) W-carbon,194 an orthorhombic system (Pnma) with 16 atoms per cell, and

(iv) Z-carbon,195 an orthorhombic system (Cmmm) with 8 atoms per primitive cell. We

optimized the crystal volume and relaxed the atomic positions for the presented carbon

structures using a Troullier-Martins pseudopotential and the local density approximation

(LDA) as exchange-correlation functional. The planewave cut-off energy for all runs was

30 Hartree, and the k-point meshes were constructed with the Monkhorst-Pack scheme

using: 8 × 8 × 8 for 16-atom cells, 12 × 12 × 12 for 8-atom cells, and 16 × 16 × 16 for

4-atom cells. Phonon calculations were performed within density functional perturbation

theory as implemented in abinit.43,167 The Raman activity of crystals was determined by

group-theoretical selection rules examining the space group and atomic sites. In addition,

from the high-order energy derivatives of the total energy, the Raman tensor was calculated

using DFPT36,41,44,45 (described in Chapter I) and the intensities were averaged isotropically

to mimic powder spectra,42 that were broadened by a Lorentzian with full width at half

maximum, ΓLor=10 cm−1.201

In Fig. 6.5 we show the non-resonant Raman spectra at 10 GPa for sp3-carbon struc-

tures presented in Fig. 6.1. For clarity and for comparison with the experimental Raman

frequency of diamond under pressure, we added the shaded (green) area that limits the

experimental evolution in pressure measured for the diamond anvil cell up to 10 GPa.202,203
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FIG. 6.5:Calculated Raman spectra intensities for sp3-carbon allotropes at10GPa (only principal
modes are labelled for clarity). The yellow area shows the experimental spectra at high pressure;
focus in graphite (x1000) and near to the interface with the diamond anvil cell. Marked in green the
diamond zone.

We remark that the diamond peak and its pressure evolution have been extensively studied

both experimentally and theoretically.202–208The calculated optical mode of cubic-diamond,

T2g, and the characteristic modes of hexagonal-diamond, whose mechanical representation

is ΓHex=A1g+E1g+E2gare in good agreement with previously reported values.
208–210For

Bct-C4the Raman active modes are Γ
Bct=A1g+B1g+B2g+Eg, and the two principal

(with high intensity) are labelled in Fig. 6.5. TheA1gmode is a longitudinal optical mode

vibrating at 1350 cm−1at 0 GPa, whose value is above theT2gmode of cubic-diamond and

with a much larger pressure coefficient. Other features present in Bct-C4are theB1gmode

and theEgmode, this last one originated by the double degenerate vibration in plane of

the four membered carbon rings (squares) present in the structure. These modes are be-

low the diamond area and they could appear as a small shoulder in Raman measurements

above a pressure of 18.4 GPa – the pressure at which the structure becomes (enthalpically)

more stable than graphite.192,193For M-carb on (ΓM =2Ag+Bg) two modes can be used to

identify the structure: the family of theAg’s mode which are in-phase vibrations (this mode

is activated independently of geometry and laser polarization) and theBg’s mode, an anti-

phase vibration. The Raman modes of W-carbon: ΓW =2Ag+B1g+2B2g+B3g,andfor
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Z-carbon: ΓZ = 4Ag +4B1g +2B2g +2B3g and are presented in Fig. 6.5 respectively. These

two crystals belong to the same point group, and in consequence the same labels describe

the vibrations present in the crystal. The Ag mode is the usual in-phase mode and the

Bg is a non-degenerate anti-phase mode, where the sub-index refers to the symmetry with

respect to different mirror planes. A significant feature in W- and Z-carbon is that these

two structures posses lower frequency Raman modes than the rest of the sp3-structures.

These lowest vibrations (with Raman activity) of W-carbon are the Ag and the B3g modes

at around 427 cm−1, and the lowest modes on Z-carbon are the B3g and the B1g modes

at around 525 cm−1 and 570 cm−1, respectively. These modes have a sub-linear pressure

dependence, therefore; could be distinguishable in experiments.

From the calculated Raman spectra intensities showed in Fig. 6.5, one can distinguish

for Bct-C4 two modes with relatively large intensity which are outside the diamond zone

at 10 GPa: the A1g (1385 cm−1) and the B1g (1107 cm−1). For M-carbon most of the

modes with a large scattering efficiency are those with Ag symmetry at 897 cm−1, 1250 cm−1

and 1375 cm−1. For W-carbon the mode with the highest scattering efficiency is vibrating

at 1295 cm−1 just below the diamond zone at 10 GPa. The vibration corresponds to an

Ag symmetry. Z-carbon shows three principal peaks (at 10 GPa) vibrating at 1093 cm−1,

1221 cm−1 and 1360 cm−1.

Experimentally, we extensively explored the zone of frequencies described above in order

to detect any fingerprint that could come from a new allotrope of carbon. In Fig. 6.4 (yellow

area) we present the experimental Raman spectra of two range of frequency: the interface

sample-DAC and the range below the diamond zone. In the first, the Raman peak coming

from the diamond anvil cell starting at 1332 cm−1 and the measured peak around 1357 cm−1

at 9.8 GPa. In the second zone, we can observe that a clear peak appears at 1082 cm−1 for

pressures higher than 9.8 GPa (x1000). This peak cannot be explained by neither graphite,

hexagonal-diamond, cubic-diamond nor M-carbon, or by the solidification of the pressure

medium (in this case argon). Other possible explanation for this systematic peak comes

from experiments of Raman scattering at ambient pressure, where a sideband Raman peak

at 1090 cm−1 can be observed in samples of “nanocrystalline” diamond.211,212 Although, the

presence of “nanodiamonds” in our sample might be enthalpically possible. The formation

“nanodiamonds” has been shown not to be stable in high pressure synthesis. Actually, the

observed G-band broadening is fully reversible under pressure unload, thus this possibility

of “nanodiamonds” is less suitable in our experiments.213 Nevertheless, in this frequency

range of vibrations the possible candidates that could explain the measured peak in the

Raman spectra are Bct-C4-carbon, Z-carbon and W-carbon. However, our experiments

are far to be conclusive and further investigations is needed. In summary, in order to
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identify the several sp3 structures using Raman scattering experiments we propose the use

of the following fingerprints: (i) For Bct-C4 the most important mode is the B1g mode at

1124 cm−1, that should appear above 18.0 GPa; (ii) M-carbon can be identified by the Ag

mode at 900 cm−1 at around 13.5 GPa. (iii) For W-carbon the Ag mode at 1300 cm−1, i.e.,

below the diamond zone, above 12.3 GPa; (iv) Finally, the transition to Z-carbon at 10 GPa

can be identified by the Ag modes at around 1220 cm−1 and 1090 cm−1. However, we should

emphasize that the calculated frequencies and transition pressures contain an error caused

by the theoretical framework.

VI.4 CONCLUSIONS

In this Chapter we used the minima hopping method to predict low-enthalpy crystal

structures under pressure and we compared the structural and the vibrational properties

against respective experimental evidence. The proposed allotropic structure of carbon,

Z-carbon, becomes more stable than graphite above 10 GPa. From all known carbon al-

lotropes, only cubic and hexagonal diamond have lower enthalpy at high pressures.† Our

calculations demonstrated that the new Z-carbon phase is as hard as diamond, and is

transparent in the optical region. Overall, a wide range of experimental data can only be

explained by the presence of Z-carbon in samples of compressed graphite: first, the fea-

tures of the X-ray diffraction spectra of graphite under pressure exhibit a broadening that

matches the main peaks of Z-carbon. Second, the principal Raman signal of graphite, the

G-band mode, suffers an abrupt increase of the linewidth above 9-10 GPa — the pressure

range where Z-carbon becomes more stable than graphite. Third, an emerging peak at

1082 cm−1 appears in the Raman spectrum of graphite at around 10 GPa, at the frequency

of a Raman active mode of Z-carbon. The most appropriate candidate among all carbon

allotropes proposed so far that can explain all above features simultaneously is Z-carbon. In

conclusion, we gathered a considerable amount of experimental evidence that points to the

plausible existence of Z-carbon. In addition, in order to provide insights to the researchers

for the identification of the structure, we calculated the Raman spectra of different carbon

structures under pressure. A positive and incontestable determination of the structure of

compressed graphite will require the identification of several peaks in different frequency

ranges. Our results, however, can serve as useful guide for experimentalists performing

†At the moment of finishing this thesis new hypothetical structures of carbon have been reported, see
the work of Niu, et al.214–216
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GENERAL CONCLUSIONS

In this thesis we have consolidated both theoretical predictions and experimental findings,

which was its first objective. Indeed, theoretical predictions were corroborated by experi-

ments in some cases, while in some others where the agreement between the two was not

so immediate they stipulated at least new discussion and re-analysis of experimental data.

Along this dissertation, we went beyond prediction of properties of existing materials, and

advanced to predict even the structures themselves by making use of the minima hopping

method. Such prediction schemes are very promising and powerful tools, and we expect

them to lead to significant advances in material design, a domain still in fledgling stages.217

The core of this work was presented in Chapter III, where alkaline-earth-metal (AEM)

disilicides were studied. First we reviewed their thermodynamic pressure-temperature phase

diagram, structure properties and synthesis of high pressure phases. We investigated the

electronic and the lattice dynamics, and for cubic structures of AEM disilicides, the elec-

tronic transport properties were calculated. We report low Seebeck coefficients; indepen-

dently of metal substitution and over a wide range of doping values. Moreover, the super-

conductivity on layered structures of BaSi2 was measured and we found that the buckling

of Si-planes in this disilicide has a noteworthy impact on the electronic and the phononic

structure. In addition to the thorough of experimental investigations, extensive DFT-DFPT

calculations were carried out, and the necessary ingredients of phonon-driven superconduc-

tivity were not only evaluated as a functions of pressure, but also as a function of the

buckling degree for this structure. Most of the theoretical results were satisfactorily con-

nected to the experimental evidences, in some cases even, our results were used for predict

properties, and confirmed a posteriori along the development of the Thesis.

Chapter IV was devoted to studied intercalation in layered disilicides by metal atoms of

column II-A of the periodic table. We studied for different AEM disilicides, energetic issues

behind the intercalation of layered materials. In fact, our results show that it is possible

to increase the density of electronic states at the Fermi level in two different ways, either

by reducing the buckling of the Si planes by means of external pressure, or by intercalating

heavier atoms between the Si sheets. Both paths are equally effective to enhance supercon-

ductivity, however from the practical side, the intercalation by heavy species is easier to

achieve than the high pressure and high temperature treatments.

In Chapter V we treated superconductivity in disilane under a wide range of pressure

by calculating the transition temperature. Contrary to expectations, and already reported
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work, and despite its typical metal behaviour under pressure; disilane exhibits a relatively

small transition temperature of the order of 25 K. In order to draw this non-trivial conclu-

sion, it was crucial to search for different pressures the corresponding disilane ground state,

i.e. the most stable state in terms of enthalpy. Indeed, several metal phases were predicted

to be more suitable than previously reported. This once again stresses the power and the

usefulness of crystal structure prediction methods such as, the minima hopping.

In Chapter VI the minima hopping method allows us to propose a new allotrope of car-

bon, termed Z-carbon, which is enthalpically more suitable for the structural transformation

of graphite above pressures of 10 GPa. This structure is hard as diamond and transparent

in the optical region. In order to characterize this and compare with other new carbon

structures under pressure, we calculated their Raman spectra. On one hand, this suggested

the possible identification of Z-carbon at high pressures, and on the other hand, provides a

useful guide for further experiments, which is a subject of on-going research.†

†For more information please visit http://www.fysik-aztek.net/ website
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