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Abstract

Two-dimensional (2D) materials and Moiré superlattices formed by certain stacking
configurations of 2D crystals, represent a new frontier for quantum matter research
due the emergent properties associated to their reduced dimensionality and tunability.
To glean insight into the physics of these atomically-thin van der Waals materials,
their properties have been extensively studied by tuning of external parameters such
as temperature, electrostatic doping, magnetic field and strain. However, there is an
external tuning parameter that has not been used systematically in studies of these
systems – pressure. The relative scarcity of high-pressure studies involving atomically-
thin materials is due to experimental challenges, e.g., loading of micron-sized samples
into the also micron-sized pressure chamber. In this thesis, I address those issues
and I investigate 2D materials and Moiré heterostructures via high-pressure optical-
spectroscopic experiments using diamond anvil cells (DACs), with two main goals:
(i) investigating the synthesis of novel 2D materials; and (ii), tuning and probing the
electronic properties of 2D materials and Moiré heterostructures.

To address the first point, I present experiments detailing the first evidence for
the formation of a hard, transparent, sp3-containing 2D phase by compression of few-
layer graphene, providing robust corroboration for the existence of 2D diamond. For
the second point, I present two studies. In the first study, I report on the electronic-
band tuning and multivalley scattering at high pressures in monolayer MoS2 and WS2

revealed by double-resonance Raman. The ability to probe the modifications in the
band structure and multivalley scattering as a function of strain shall advance our
understanding of different multivalley phenomena in transition metal dichalcogenides
such as superconductivity, valley coherence, and valley transport. In the second study,
I detail the pressure-tuning of minibands in MoS2/WSe2 heterostructures revealed by
moiré phonons– Raman silent q 6= 0 phonons from the individual layers activated by
the moiré potential. In this work, we establish Moiré phonons as a sensitive probe of
the mini-band electronic structure and their modifications under hydrostatic strain in
this system, which is poised to be essential in understanding the emergent phenomena
observed in similar Moiré systems.
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Chapter 1

Introduction

Two-dimensional (2D) materials can be de�ned as materials with a thickness of one

or a few atoms [162]. Over the past decades, 2D materials have been in the spotlight

of scienti�c research across di�erent �elds, due to the remarkable properties that

arise from their reduced dimensionality [163]. The �rst 2D material to be isolated

was graphene [161], a single-atom thick carbon material obtained from mechanical

exfoliation of graphite, in a process similar to peeling o� the pages of a book. In this

analogy, the book corresponds to graphite (see Fig. 1-1a) and each page would be a

graphene sheet (see Fig. 1-1b). Graphite is an example of a layeredvan der Waals

material, a material comprised of 2D layers with strong in-plane covalent bonds, that

are vertically stacked and held together by weak van der Waals interactions. These

weak interactions allow 2D materials to be easily separated from the bulk.

To discover novel 2D materials, di�erent routes have been explored including me-

chanical exfoliation of di�erent layered van der Waals materials [92] as well as direct

synthesis by chemical vapor deposition [30] or molecular beam epitaxy [252]. Nowa-

days, apart from graphene- a gapless semiconductor, the ever-growing list of 2D mate-

rials includes insulators such as hexagonal boron nitride (hBN) [245], semiconductors

such as transition metal dichalcogenides [142] (TMDs) , magnets such as transition

metal trihalides [77] (TMX3), to name a few examples. Each of these materials possess

unique properties that are often very di�erent from their bulk counterparts, holding

promising applications ranging from �exible electronics [2] to DNA-sequencing [86]
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and water desalination [205] to quantum information science [131].

From the perspective of quantum matter research, the reduced dimensionality in

2D materials is linked to a reduction in the available phase space and in electronic

screening of Coulomb forces, leading to enhanced quantum e�ects and increased inter-

actions [1]. For this reason, 2D materials often exhibit outstanding transport, optical

and magnetic properties. For instance, the reduced dielectric screening in monolayer

TMDs, when compared to bulk crystals, leads to excitons- bound electron-hole pairs

formed upon light absorption- with large binding energy, dominating their optical

spectrum [140].

A main advantage o�ered by 2D materials is the possibility to stack them ver-

tically, forming the so-called van der Waals heterostructures [163] with atomically

sharp interfaces (see Fig. 1-1c). For some of these heterostructures, a twist-angle or

lattice mismatch between the two crystals can lead to the formation of a periodic

Moiré pattern (see Fig. 1-1d) which can exhibit a rich variety of physical phenomena

not observed in the individual layers. The recent discovery of unconventional su-

perconductivity in magic-angle twisted bi-layer graphene [32] provided a spectacular

demonstration of the potential for twist engineering of 2D heterointerfaces. This work

heralded a new platform to investigate emergent behavior in low-dimensional quan-

tum solids with unprecedented tunability. Ever since this discovery, several exciting

new phenomena have been reported for di�erent Moiré heterostructures of 2D materi-

als, such as unconventional ferroelectricity [249], emergent ferromagnetism [189] and

tunable correlated insulating phases at fractional �lling [236]. The origin of these col-

lective phenomena in Moiré systems is under intense theoretical investigation, while

on the experimental front these systems are being scrutinized using di�erent tech-

niques such as gate-dependent four-probe resistance [32], re�ection contrast[236], and

scanning tunneling microscopy [96].

To glean insight into the physics of 2D materials and Moiré heterostructures as well

as to unlock new functionalities, the properties of these systems have been extensively

studied by tuning of external parameters such as temperature [26, 210, 4], electric

�eld [247, 94, 207], electrostatic doping [177, 155, 32, 208], magnetic �eld [29, 141,
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Figure 1-1: Representation of di�erent van der Waals systems. a
Graphite. The interlayer distance was exaggerated for clarity. b Graphene. c
A graphene/hexagonal boron nitride (hBN) heterostructure. d A twisted-bilayer
graphene (TBG) moiré heterostructure.
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229], and in-plane strain [121, 191, 37, 14]. However, there is an external tuning

parameter that has been relatively unexplored in studies of these systems, which is

pressure. In this thesis, I address this issue by investigating 2D materials and Moiré

heterostructures via high-pressure experiments, probing the modi�cations in their

structural, electronic, and vibrational properties through optical spectroscopy.

Pressure is an important thermodynamic variable that can be used to tune the

properties of materials since it reduces interatomic distances, strengthens interatomic

and magnetic interactions, and modi�es the electronic density, realizing new physi-

cal phenomena as well new materials that are not accessible at ambient conditions.

High-pressure (HP) experiments using diamond anvil cells (DACs) are a powerful

approach to investigate 2D materials and Moiré systems under hydrostatic pressure.

The typical pressure achieved in DAC experiments ranges from 0.1 GPa to above

500 GPa [150]. As a comparison, the pressure at Earth's core is estimated to be

around 350 GPa. That range of pressures provides a platform to study fundamen-

tal physical phenomena such as insulator-metal transitions [168, 22], classical phase

transitions [237, 145], quantum phase transitions [217, 192], as well as high- [53, 69]

and room- [194] temperature conventional superconductivity.

High-pressure is also a common route for synthesis of ultra-hard materials, a

well-known example being the conversion of graphite to diamond at HP and high

temperatures [246]. Furthermore, several new exotic materials have been obtained

from high pressure experiments [246, 150] such as materials with unprecedented sto-

ichiometry [254] and with unusual chemical bonding [175]. Nevertheless, most of the

previous examples are from bulk materials and up to this date, there are only a few

studies exploring high-pressure experiments on 2D materials.

On the high-pressure synthesis front, previous high pressure experiments on few-

layer graphene samples locally-compressed by an atomic force microscopy (AFM) tip

showed evidence for the formation of an insulator [17] and ultra-hard 2D phase [74]. In

a previous work [148], I and collaborators showed evidence for a pressure-induced sp2

to sp2-sp3 phase transition (see Chapter 2 for the de�nition of sp2 and sp3 hybridisa-

tion) in bi-layer graphene samples compressed in a water medium from high-pressure
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Raman experiments using diamond anvil cells. Our theoretical models indicated that

the use of water facilitated the conversion of bi-layer graphene to, what we termed,

diamondene: a 2D ferromagnetic semiconductor diamond with spin-polarized bands,

a material that would have many applications ranging from biosensors to spintronics

[148]. Subsequent high-pressure works using DACs revealed a band-gap opening in

compressed few-layer graphene samples from electrical resistance and optical absorp-

tion measurements [104, 105].

On the pressure-tuning front, previous high-pressure experiments using DACs

observed a phonon hardening in compressed mono- and few-layer graphene �akes

[180, 68, 204] from HP Raman spectroscopy, as well as a change in the electronic band

structure of TMDs [156, 241, 71, 72] from HP photoluminescence (PL) measurements.

Van der Waals heterostructures of TMDs have also been recently investigated in

HP experiments using DACs, where it has been reported that pressure can strongly

a�ect interlayer exciton interactions in MoSe2/WSe2 heterostructures [233] (interlayer

excitons are excitons in which the electron and the hole reside in di�erent layers).

Pressure control of interlayer magnetism in atomically thin CrI3 via magnetic

tunnel junction devices [198, 124], band tuning of graphene Moiré supperlattices [240]

and pressure tuning of superconductivity in magic-angle twisted bi-layer graphene

[239] have been recently demonstrated using a piston cylinder cell. However, despite of

the signi�cant contribution from these latter works, the maximum pressures achieved

in those experiments, (around 3 GPa), was limited by the operating mechanism of

the piston cell. The latter also prevents in situ optical access, therefore limiting the

range and assessment of physical phenomena in such systems. Those limitations can

be overcome be using diamond anvil cells.

The relative scarcity of high-pressure studies involving 2D materials and het-

erostructures reveals that this topic is an untapped research �eld with a wealth of

interesting phenomena to be explored. In this context, the work described in this

thesis has two main goals:(i) investigating the synthesis of novel 2D materials; and

(ii) , tuning the electronic and vibrational properties of 2D materials and Moiré het-

erostructures via high-pressure experiments using DACs.
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The relative lack of high-pressure studies involving 2D materials also indicates

that these are challenging experiments, mainly due to the required small dimensions

of the substrates containing the 2D �akes and related heterostructures (typically

required to have less than 100� m in diameter and thickness depending on the DAC

geometry) and the delicate loading of these samples into DACs. To address this

issue, we developed a new method for sample fabrication � the horseshoe method � to

systematically load those samples into DACs. All the experiments described in this

thesis were performed using this technique. Furthermore, there are several aspects

and subtleties to be taken into account in high-pressure studies involving atomically-

thin samples, such as the strain transfer from the substrate and the assessment of

non-hydrostatic stress components, which can signi�cantly a�ect the interpretation of

the results. We address these issues in details through the analysis of the experiments

described here.

This thesis is arranged as follows. Chapter 2 introduces the physics of the relevant

2D materials investigated here: graphene, diamondene and semiconducting TMDs.

Chapter 3 describes the instrumentation for high-pressure experiments based on dia-

mond anvil cells. Chapter 4 discusses the main experimental technique used to probe

the modi�cations induced by pressure in those materials: Raman spectroscopy. Chap-

ters 5 to 7 detail several high-pressure optical spectroscopic experiments involving 2D

materials and van der Waals systems. Chapter 5 addresses the aforementioned point

(i) � synthesis of novel 2D materials � detailing the �rst evidence for the formation of

a hard, transparent, sp3-containing 2D phase by compression of few-layer graphene,

providing robust corroboration for the existence of 2D diamond. Chapters 6 and 7

address the aforementioned point(ii) - pressure-tuning of 2D materials. Chapters

6 details the electronic-band tuning and multivalley scattering at high pressures in

monolayer MoS2 and WS2 revealed by double-resonance Raman. The ability to probe

the modi�cations in the band structure and multivalley scattering as a function of

strain shall advance our understanding of di�erent multivalley phenomena in TMDs

such as superconductivity, valley coherence, and valley transport. Chapter 7 details

the pressure-tuning of moiré phonons � phonons from the individual layers that are
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folded back to the Brillouin zone center by the Moiré potential � in a MoS2/WSe2

moiré heterostructure. In this work, we establishes Moiré phonons as a sensitive

probe of the mini-band electronic structure in Moiré systems. The �nal chapter 8

provides an outlook for the �eld of high-pressure experiments of 2D materials and

heterostructures.
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Chapter 2

Two-dimensional materials

In this chapter, I will discuss the structural and electronic properties of the 2D mate-

rials investigated in this thesis: graphene, diamondene, and semiconducting TMDs.

Those aspects will be relevant to interpret the experimental results in chapters 5 to

7.

2.1 Graphene

Monolayer graphene is a one-atom thick carbon material, in which the carbon atoms

are arranged in a honeycomb lattice as shown in Fig. 2-1, left panel. Importantly, a

honeycomb lattice is not a Bravais Lattice since it is not possible to create a primitive

vector connecting two �rst neighbours (if a vector connecting the �rst neighbors were

created, its opposite would point at the middle of the hexagon, where there is no

atom). The underlying Bravais lattice is triangular with a two-atom basis formed by

the A and B atoms, (which form two interpenetrating sub-lattices) as shown in Fig.

2-1, left panel.
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Figure 2-1: Crystal structure of graphene and its Brillouin Zone. Left: Real-
space lattice showing the primitive vectorsai , the A and B base atoms, and the
nearest-neighbour vectors� i . Right: reciprocal lattice showing the primitive vectors
and the hexagonal Brillouin zone with the high symmetry points� , K and M . Figure
reproduced with permission from [157].

The primitive vectors ai and base vectorsd i , with i = 1; 2 are:

a1 = a

 p
3

2
;
1
2

!

; a2 = a

 p
3

2
; �

1
2

!

d1 = 0; d2 =

 

2a

p
3

3
; 0

!

;

(2.1)

where a is the lattice constant of graphene de�ned here asa = ja1j = ja2j =
p

3ac� c =

2:46 Å, ac� c being the nearest-neighbors carbon-carbon distance.
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The primitive reciprocal lattice vectors b i with i = 1; 2, can be easily obtained

using the relationai �b j = 2�� ij and some geometry. Those are

b1 =
2�
a

�
1

p
3

; 1
�

; b2 =
2�
a

�
1

p
3

; � 1
�

; (2.2)

with a corresponding lattice constant of4�=
p

3a.

Figure 2-1, right panel, illustrates the hexagonal Brillouin zone (BZ) that can be

constructed out of theb i vectors, showing the high symmetry points� , K and M ,

which corresponds to the center, corner and center of the edge respectively.

Before discussing the electronic structure of monolayer graphene, we must discuss

the electronic states of the carbon atoms in the graphene lattice. In its ground state,

the electronic con�guration of a carbon atom is1s2 2s2 2p2, with two core electrons

occupying the 1s level and four valence electrons in the2s and 2p levels. In graphene,

the 2s and two 2p orbitals, say px and py, hybridize forming the so-called sp2 orbitals

with their maximal amplitude arranged 120° apart on the x-y plane as shown in Fig.2-

2, while the pz orbital remains unhybridized along the z direction [103]. The overlap

of sp2 orbitals between neighboring carbon atoms result in strong covalent� bonds,

while the overlap of neighboringpz orbitals forms the� bonds- which are the ultimate

responsible for the remarkable electronic properties of graphene.
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Figure 2-2: Representation of the sp 2-hybridized orbitals. The three sp2 or-
bitals lie in the x-y plane with their maximal amplitude arranged 120°apart, while the
pz orbital lie along the z direction. The overlap ofsp2 orbitals between neighboring
carbon atoms in graphene forms the� bonds, while the overlap of neighboringpz

orbitals forms the � bonds.

To describe the electronic structure of graphene, we will use the tight-binding

method. The idea behind the tight-binding approximation is that the one-electron

wave functions of the crystal can be constructed as a linear combination of atomic

orbitals, with the coe�cients of the expansion given by the Bloch Theorem [80]. The

low-energy electronic bands originate from� electrons, which are also responsible for

the transport properties of graphene. Therefore, our tight-binding functions will

be constructed from a linear combination ofpz orbitals:

 =
X

j

C(r � r j )� (r � r j ); C(r � r j ) = �e i k �r j (2.3)

where � (r � r j ) is an atomic pz orbital wave function centered at an atom at the

position r j from a given sub-lattice of A or B atoms in graphene.

We can rewrite the wave functions in a more compact notation:

j i =
X

j

Cj jj i ; Cj = �e i k �r j (2.4)
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wherehr jj i = � (r � r j ) and � is a constant. We further use the approximation that

the fj j ig form a complete orthonormal set. The superposition of orbitals from the

sub-lattice of A(B) atoms will generate the wave functionj A i (j B i )

j A i =
X

j

CA
j jj A i ; CA

j = �e i k �r A
i (2.5)

j B i =
X

j

CB
j jj B i ; CB

j = �e i k �r B
i (2.6)

and the total tight-binding wave function will be:

j i = j A i + j B i ; (2.7)

similar to a two-level system, wherej A i and j B i form the base vectors.

The tight binding Hamiltonian will be

H = E0

X

i

ji i hi j� t
X

i;j; jr i � r j j= n:n:

ji i hj j ; (2.8)

where E0 = hi j jH j j i i is the on-site energy of the pz orbitals in the lattice, t =

hi j jH j j j i is the hopping parameter, which is a measure of the hopping probability

between sites i and j coupled through the Hamiltonian, and the sum is over the nearest

neighbors �n.n.�. We then solve the Schrodinger equation

H j i = E0

X

i

ji i hi j i� t
X

i;j

ji i hj j i = E j i ; (2.9)

to yield

ECA
i = E0CA

i � t
X

j; jr j � r i j= n:n:

CB
j (2.10)

ECB
i = E0CB

i � t
X

j; jr j � r i j= n:n:

CA
j : (2.11)

By multiplying Eq. 2.10 by CA�
i and Eq. 2.11 byCB �

i , we obtain
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A ; � ij = r j � r i : (2.12)

Upon diagonalizing 2.12 and plugging in the values for the nearest-neighbour

vectors � ij , shown in Fig. 2-1, we obtain theE(k) eigeinvalues

E(k) = E0 � t

s

1+4 cos

p
3kxa
2

cos
kya
2

+4 cos2
kya
2

: (2.13)

Finally, to obtain the energy dispersionE(k), the parameters E0, and t in Eq. 2.13

need to be determined either from �rst-principle calculations or experimentally. One

can further improve the accuracy of the tight-binding calculations by considering

that the fj j ig states do not form a complete orthonormal set [186] (in this case, the

hi jj i overlap integrals need to be taken into account), or by considering next-nearest-

neighbors [157]. For the latter case, the energy dispersion of monolayer graphene

is shown in Fig. 2-3 fort = 2:7 eV and next-nearest-neighbor hopping parameter

t0 = � 0:54 eV [157]. Even though we only considered nearest-neighbors to derive

Eq. 2.13, it qualitative captures the main features of the energy structure shown in

Fig.2-3.
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Figure 2-3: Energy dispersion of graphene obtained from tight-binding cal-
culations . Left: energy spectrum in units of t obtained for nearest-neighbor and
next-nearest-neighbor hopping parameterst = 2:7 eV and � 0:54 eV, respectively.
Right: zoomed-in energy dispersion close to the K/K0 points, exhibiting the Dirac
cone. Figure reproduced with permission from [157].

The solution with + sign in Eq. 2.13 corresponds to the upper� � band, while

the � sign corresponds to the lower� band. Figure 2-3 also exhibits the zoomed-

in energy dispersion close to the K/K0 points. Notice that the dispersion takes the

form of a cone, termed the Dirac Cone. For undoped graphene, the lower� band

is completely occupied while the upper� � band is completely empty. Therefore, the

Fermi level lies at the K/K 0 points, where these bands touch and the Fermi �surface�

of graphene consists of two singular points. Furthermore, the density of states at the

Fermi level is zero, for this reason graphene is considered a zero-gap semiconductor,

or semimetal. Importantly, the linear dispersion of the� electrons in the vicinity

of the K/K 0 points is the main responsible for the remarkable optical and transport

properties of graphene.

2.2 Diamondene

Diamondene is a 2D ferromagnetic semiconductor diamond predicted to be formed

upon compression of two layers of graphene when the top layer is covered with either

hydroxyl groups (OH) or hydrogen atoms [148], as shown in Fig. 2-4a for the OH-

coverage case. In this process, as well as in the 3D-analogue case of graphite to
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Figure 2-4: Diamondene formation and sp 2 to sp 3 conversion.a Initial (left)
and converged (right) geometries from DFT calculations of uniaxially compressed
double-layer graphene covered with hydroxyl groups turning into diamondene: a 2D
hydroxilated diamond. In this process, the hybridization of the carbon atoms changes
from pure sp2 to pure sp3. b Representation of sp3-hybridized orbitals with their
maximal amplitude pointing at the corners of a regular tetrahedron. In a sp3 hy-
bridization, the 2s and the three 2p orbitals hybridize into four sp3 orbitals. Figure
adapted from [148].

diamond conversion, the hybridization of the carbon atoms changes from pure sp2

(Fig. 2-2) to pure sp3, as shown in Fig. 2-4b. In a sp3 hybridization process, the 2s

and the three 2p orbitals of carbon hybridize into four sp3 orbitals [103] wit their

maxima pointing at the corners of a regular tetrahedron. The overlap of neighboring

sp3 orbitals, whether in bulk diamond or in diamondene, forms strong covalent bonds

which are the responsible for diamond's superior hardness. Even though di�erent

2D diamond structures have been predicted over the past decade [43, 17, 9, 74],

diamondene greatly di�ers from those, since it is covalently bonded to chemical groups

only at the top surface while the bottom exhibits a periodic array of dangling bonds

(unpaired electrons). This periodic array of dangling bonds is responsible for the

predicted properties of magnetism and spin-polarisation in diamondene, as it will be

discussed later in this section. Importantly, the dangling bonds can be protected by

the appropriate substrate choice.
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The �rst experimental evidence for the existence of this material, or of 2D diamond

in general, was obtained in 2011 by Barboza et al. [17]. In those experiments,

graphene samples of di�erent thicknesses were locally-compressed by an atomic force

microscopy (AFM) tip, while charge was simultaneously injected by the tip. The

authors then monitored the charge-injection e�ciency with increasing tip force and

noticed that for monolayer graphene, the charge injection remained constant with

increasing tip force, while for bi-layer graphene and thicker samples, it drastically

decreased. Furthermore, the drastic reduction was not observed when the bi-layer

and thicker graphene samples were heated above water's boiling point, which would

remove any water from the air humidity naturally occurring on the samples surface

[17]. The conclusions from these series of measurements was that graphene with two

or more layers undergoes a water-assisted phase transition to an insulating phase by

the application of high pressures. Those observations were consistent with their DFT

calculations, which showed that when bi-or few-layer graphene are compressed in the

presence of OH groups on the top surface (provided by water), the structure turns

into a 2D ferromagnetic semiconductor diamond, that they termed diamondol.

Later, in 2017, I and collaborators provided the �rst spectroscopic evidence for

the formation of this material from high-pressure Raman spectroscopy experiments

[148]. In our measurements, we obtained evidence of a sp2 to sp2-sp3 phase transition

at � 5-7 GPa in double-layer graphene samples hydrostatically compressed in a DAC

using water as the pressure transmitting medium (PTM). Importantly, no evidence

of phase transition was detected up to� 14 GPa when bi-layer graphene samples

were compressed in oil PTM or when monolayer samples were compressed in water.

Therefore, we concluded that one needs at least two layers of graphene subjected to

high pressures in the presence of water, to observe the sp2-sp2-sp3 phase transition,

in accordance to the results from Barboza et al. [17]. In our modeling, we discussed

that either OH or H groups could assist this pressure-induce phase transition (not

only OH), therefore we generalized the term diamondol and termed this special 2D

diamond as diamondene.

After those two initial works, several studies have shown evidence of 2D diamond
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formation either from high-pressure experiments [74, 38, 104, 105] or by chemical

chemical functionalization routes [173, 174, 15] (those works are summarized in Chap-

ter 5), with proposed structures very di�erent from that of diamondene. Regarding

the high-pressure works, in spite of the great advancement in this novel 2D-diamond

research �eld, they provided individual pieces of the �2D diamond puzzle� but a clearer

picture of its existence remained elusive. In Chapter 5, I detail our results on the

�rst detection of a pressure-induced hard, transparent and sp3-containing 2D phase,

providing robust evidence of 2D diamond's existence, and particularly of diamondene

formation.

We now discuss the structural and electronic properties of diamondene. Figure 2-5

illustrates diamondene formation from AB-stacked bi-layer graphene. As described in

our previous work [148], upon compression, the carbon atoms at the top layer acquire a

sp3 component in their hybridization, increasing their reactivity and making them act

as dangling bond centers. At the same time, the strongly polarized water molecules

weaken upon approximation to those centers and, depending on which atom is closer

to the carbon atom (O or H), either a C-H or a C-OH bond can be formed. Once this

bond is formed (a chemical group bonds to white atom in Fig. 2-5, left), the three

neighbors of that carbon atom in the graphene plane (black spheres in Fig. 2-5, left)

are forced downward as the corners of a tetrahedron, facilitating the formation of an

inter-layer chemical bond between these atoms and the C atom immediately below

them. Once these chemical bonds are formed, they trigger the sp3 conversion across

the �rst two layers [17] and, as a result, the diamondene structure is formed in this

so-called horizontal propagation. In spite of the fact that the carbon atoms at the

bottom layer of diamondene (light-blue spheres) have one dangling bond each, DFT

calculations indicate that this structure is stable [17, 148].

The Bravais lattice is triangular and the primitive vectorsai and base vectorsd i ,
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Figure 2-5: Crystal structure of diamondene. On the upper and lower left,
top and side view, respectively, of AB stacked bi-layer graphene. On the upper and
lower right, top and side view, respectively of diamondene formed upon compression
at high pressures and in the presence of H or OH groups. The small black dots at
the bottom of the diamondene side view represent the dangling bonds.
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where a is the lattice constant of diamondene de�ned here asa = ja1j = ja2j =
p

3ac� c = 2:55 Å [148], ac� c being the nearest-neighbors carbon-carbon distance.

Lastly, we discuss the electronic structure of diamondene. Figure 2-6 shows the
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Figure 2-6: Band structure of diamondene. (Left) DFT-calculated band struc-
ture of diamondene showing two spin-polarized bands close to the Fermi level in blue
and red, for the a and b spin components, respectively. (Right) Spin-dependent den-
sity of states. Figure adapted from [17].

DFT-calculated band structure (left) and spin-dependent density of states (right) for

diamondene, obtained from Ref. [17]. Note the presence of two spin-polarized bands

close to the Fermi level, shown in blue and red for the di�erent spin components, with

a direct (indirect) gap for the blue (red) component. The calculated ground state

is ferromagnetic with a magnetic moment of one Bohr magneton per cell [17]. Also

note the high DOS and relatively �at dispersion close to the Fermi-level, revealing the

localized nature of the dangling bonds. In fact, the triangular lattice of localized states

shown in Fig. 2-5 could potentially lead to interesting strongly correlated phenomena.
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Figure 2-7: Crystal structure of 2D-semiconducting MX 2. (Top and lower
left) A layer of transition metal atoms (M) is sandwiched between two layers of
chalcogenide atoms (X) in a trigonal prismatic structure. (Lower right) Hexagonal
BZ with the high symmetry points � , K/K 0 and M. Figure from [140].

2.3 Transition metal dichalcogenides (TMDs)

Semiconducting transition metal dichalcogenides (TMDs) represent a group of mate-

rials with chemical formulaMX 2, whereM is a transition metal, either molybdenum

(Mo) or tungsten (W), and X is a chalcogen, either sulfur (S) or selenium (Se). In

monolayerMX 2, a single layer of transition metal atoms is sandwiched between two

layers of chalcogenide atoms forming a trigonal prismatic structure as shown in Fig. 2-

7, which is maintained by strongX � M � X ionic-covalent bonds [253, 234]. Similar

to graphene and diamondene, semiconducting TMDs also exhibit an hexagonal 2D

BZ, also shown in Fig. 2-7.

Figure 2-8 exhibits the DFT-calculated energy dispersion of MoS2 for the bulk

crystal and ultra-thin layers with di�erent thicknesses. From this �gure, one can

observe that MoS2 transitions from an indirect band gap semiconductor in its bulk

form, to a direct band gap semiconductor when thinned down to the monolayer

limit, with the gap laying in the visible region at the two inequivalent K and K
0
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Figure 2-8: Indirect to direct band gap transition as the number of layers
is reduced in MoS 2. DFT-calculated energy dispersion for bulk (a), quadri-layer
(a), bi-layer (c) and monolayer MoS2 (d). From bulk to monolayer, the material
transitions from indirect to a direct band gap semiconductor with gap at the K and
k

0
points. Figure from [200].

points. This transition signi�cantly enhances the optical properties of monolayer

TMDs, which in general show strong photoluminescence signals [200]. Similar to

graphene, semiconducting 2D-TMDs exhibit two inequivalent valleys at theK and K
0

points of the BZ- a valley is an extreme of the energy dispersion in momentum space,

either a local maximum in the valence band or a local minimum in the conduction

band, and the valley quantum number labels the valley degree of freedom associated

with the electron. One can draw a parallel between these binary valley degree of

freedom in graphene and in TMDs, and a spin-1/2 system by labelling the electrons

in the K valley as valley-pseudospin up, and the electrons in theK
0

valley as valley-

pseudospin down [187].

However, monolayer TMDs have two important distinctions when compared to

graphene. The �rst is the lack of inversion symmetry in MX2 monolayers. Graphene

is said to have an inversion centre because, upon inversion, any vector from the centre

of the hexagon to one of the carbon atoms will still point to another carbon atom.

On the other hand, MX2 monolayers do not have an inversion centre because any
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vector from the centre of the hexagon to a speci�c atom, will point to a vacant

site upon inversion [23]. The second important distinction is that 2D TMDs have

strong spin-orbit coupling (SOC) arising from the d orbitals of the heavy metal atoms

which, in combination with the inversion symmetry, leads to a large spin splitting

at each valley [234, 137]. This can be understood by taking into account that the

spin-orbit interaction is time reversal invariant, therefore we can establish thatE("

; k) = E(#; -k ), where E is the electron energy,k is the electron's crystal momentum

and the up (" ) and down (#) arrows correspond to spin-up and spin-down states,

respectively. Due to the broken inversion symmetry, we have thatE(#; -k ) 6= E(#; k).

Combining the two equalities, we conclude thatE(" ; k) 6= E(#; k), leading to a spin

splitting of the bands at the K and K0 valleys as shown in Fig. 2-9. Furthermore, time

reversal symmetry requires that opposite valleys have opposite splittings. Therefore,

the combination of spin-orbit coupling and broken inversion symmetry locks the spin

and valley degrees of freedom together in monolayer TMDs. Due to the spin-valley

coupling, inter-valley scattering processes require a simultaneous transfer of crystal

momentum and spin �ip, therefore one expect a robust valley polarization in these

materials [234].

In addition, the 2D nature of these materials further restricts the magnetic mo-

ment to be in the out of plane direction [253]. This can be understood by inspection

of the Hamiltonian for the spin orbit interaction [82]:

HSO = �
e�h2

4m2
0c2

� � (r � � k); (2.15)

where e is the elementary charge, h is Planck's constant, mo is the e�ective mass

of the carrier, c is the speed of light and� and � are the electric potential and

Pauli vector, respectively. Since both the motion of the carriers, thereforek, and

the potential gradient lie on the plane, the dot product restricts the component of

the spin to the out of plane direction, usually de�ned as the z axis. Consequently,

spin-valley optical selection rules arise in these materials and interband transitions at
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Figure 2-9: Spin-valley optical selection rules for MoS2. Energy dispersion in
the case of W-containing TMDs, showing the spin-split at the K andK

0
valleys. The

spin and valley degrees of freedom are locked together via the combined e�ects of spin-
orbit coupling and broken inversion symmetry. In this �gure, m is the z component
of the total angular momentum for each band, and the valley- and spin-dependent
optical selection rules are illustrated. Figure from [137].

a speci�c valley can be achieved by optical excitation incident along the z axis with

a given helicity [234, 137] as shown in Fig. 2-9. Importantly, the z component of the

total angular momentum m in monolayer TMDs has contributions from inter-atomic

orbital (self-rotation of the wave packet in each valley due to the Berry curvature-

which works as an e�ective magnetic �eld in momentum space), intra-atomic orbital

and spin angular momentum.

Apart from their already mentioned valley- and spin-dependent properties, mono-

layer TMDs have another important feature: the presence of strong excitonic e�ects.

An exciton is a bound state of an excited electron and a hole due to the Coulomb

attraction [107]. In these materials, the binding energy of excitons is signi�cantly

enhanced due their 2D nature, which reduces the dielectric screening in the Coulomb

interaction. For instance, the exciton binding energy obtained for monolayer MoSe2

on bi-layer graphene corresponds to0:55 eV [216], which is two orders of magnitude

higher when compared to the binding energy observed in conventional semiconductors

such as silicon or germanium.
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Chapter 3

High-pressure experiments

3.1 The diamond anvil cell (DAC)

The �eld of high-pressure research has expanded continuously since the pioneering

work of Percy W. Bridgman, who won the Nobel Prize in Physics in 1946 for the in-

vention of an instrument to produce extremely high pressures, and for his discoveries

within the �eld of high pressure physics [93]. In the Bridgman era (� 1910-1950),

high-pressure experiments were performed using the so-called Bridgman anvil and

piston cylinder devices, which allowed to perform electrical resistance and compress-

ibility measurements up to 10 GPa [95], (as a comparison, the pressure at Earth's

core is estimated to be around 350 GPa). The diamond anvil cell (DAC) was later

developed in 1958 [21], revolutionizing high-pressure research since it allowed direct

optical observation of the e�ects of static pressure on matter through di�erent exper-

imental techniques such as x-ray di�raction, optical absorption, re�ectivity, Raman

spectroscopy, among others [95]. Nowadays, the typical pressure achieved in DAC

experiments ranges from 0.1 GPa to about 400 GPa- considered the pressure limit

for conventional DACs [122]-, however, improvements in DAC design can bring the

maximum pressure to the terapascal range [52]. That range of pressures provides

a platform to study fundamental physical phenomena such as insulator-metal tran-

sitions [168, 22], classical phase transitions [237, 145], quantum phase transitions

[217, 192], as well as high- [53, 69] and room- [194] temperature conventional super-
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conductivity. In fact, 23 out of the 53 known elemental superconductors only become

superconductive at high pressures [246].

Furthermore, given that the rules of chemistry can be quite di�erent at high

pressures, several new exotic materials have been obtained from high pressure ex-

periments [246, 150] such as materials with unprecedented stoichiometries [254] and

with unusual chemical bonding [175]. Therefore, high-pressure studies using DACs

constitute a powerful experimental technique in condensed matter physics to synthe-

size new materials, tune materials properties, and observe novel many-body physics

phenomena.

Figure 3-1 shows a schematics of a DAC. The principle of its operation is quite

simple. One initially places a thin metallic disk � the gasket � with a pre-drilled

through hole, on top of the �at tip � the culet � of the bottom diamond. The dimen-

sions of the gasket hole are typically 1/2-1/3 of the culet's diameter, on the order of

� 102 � m. Then, one adds the sample and a manometer- usually a few ruby crystals-

inside of the gasket hole, together with the pressure transmitting medium (PTM),

which is typically a liquid. By bringing the top diamond as shown in Fig. 3-1, the

pressure chamber will be sealed, with the sample, the pressure indicator and the PTM

contained by the gasket walls and the two culets of the diamonds. The high pressures

are generated when the opposite diamonds are pushed together, squeezing the gas-

ket and therefore the chamber, compressing the pressure medium, which transmits

the forces to the sample. In this way, the uniaxial compression applied along the

DAC axis is converted into hydrostatic pressure by the use of the PTM. However, the

degree of hydrostaticity highly depends on the choice of the PTM as well as of the

sample/PTM volume ratio, as will be later discussed. Since the compressed area is

quite small (� 104 (� m)2), large pressures can be generated with the application of

moderate forces (< 0.5 ton) [58]. The maximum pressure that can be applied scales

with the size of the culet, with the smaller the culet size, the higher the maximum

pressure.

The pressure can be increased by either tightening the screws that connects the

two body parts of the DAC, with each body containing one diamond, or by the use of
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Figure 3-1: Schematic of a diamond anvil cell. Cross-section view of a DAC
in which the sample is compressed hydrostatically when two opposite diamonds are
pushed together, squeezing the gasket between them and compressing the pressure
medium, which transmits the forces to the sample. Ruby crystals are usually used as
the pressure indicators duo the pressure-induced shifts in their �uorescence energy .
Figure adapted from [148].
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a membrane that can be in�ated by the injection of an inert gas, which will push one

body part against the other. In this thesis, I used both types of DAC: the membrane-

driven one was used in the experiments described in Chapter 5 and the screw-driven

type was used in the experiments described in Chapters 6 and 7. It is worth to point

out that DACs are compact equipment, typically being able to �t into the palm of

the hand.

Diamonds are chosen as anvils because of their superior hardness, being able to

withstand pressures of GPa order without breaking, and the fact that they are trans-

parent to x-rays and visible light. Thus, at each pressure, one can excite the system

with a given light source, either a laser or a monochromatic x-ray beam, and col-

lect the light emitted/scattered by the sample, therefore probing the modi�cations

induced by pressure in the material. Di�erent types of diamonds can be used, de-

pending on the purpose. For instance, for Raman spectroscopy measurements it is

desirable to use diamonds with a very low defect density, which will emit low-intensity

�uorescence signals (originated from optical transitions between defect levels). For

ultra-low �uorescence, the ideal type is called the Type IIa diamond.

3.2 Determining the pressure

In high-pressure experiments using DACs, there are di�erent methods that can be

used to determinate the pressure inside of the chamber. A widely popular method is

the ruby �uorescence [143, 144], which was used in all the experiments in this thesis.

In this method, small ruby crystals are inserted inside of the gasket hole, as illustrated

in Fig. 3-1 and are used as manometers.

The ruby crystals are composed of a Al2O3 matrix with Cr 3+ impurities. Upon

excitation with visible light, typically green (2.33 eV) or blue (2.54 eV) laser, those

crystals emit two �uorescence peaks termedR1 and R2, as shown in Fig. 3-2. The

R1 and R2 lines are associated with electronic transitions within the Cr3+ impurity,

and their energy will shift upon compression due to modi�cations in the crystal-�eld-

split energy levels induced by pressure [206]. The calibration via ruby �uorescence
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Figure 3-2: Frequency of the �uorescence ruby lines R1 and R2 with increas-
ing pressures, expressed in terms of Raman shifts from the excitation light
source at 5325 nm. Even though the R1 and R2 lines originate from �uorescence
process, it is more convenient to express their shifts with pressure in terms of Raman
shifts.

is based on the evolution of theR1-line energy with increasing pressure (P), and the

connection betweenR1 energy and P was established via concomitant x-ray di�raction

measurements of four metals (Mo, Cu, Pd e Ag) and the �tting of their speci�c volume

with well-established equations of state for those metals [143, 144]. Therefore, one

can determinate the pressure (in GPa units) via the shift in theR1 line from ambient

pressure conditions� � = ( � (P) � � (P0)) , via the expression

P(GPa) =
A
B

" �
1+

� �
� 0

� B

� 1

#

; (3.1)

where theA and B constants are1904and 7665, respectively, and� 0 = 694; 2 nm is

the wavelength of theR1 �uorescence line at a pressure of 1 bar [144].

In the pressure range up to� 10 GPa, Eq. 3.1 can be binomial-expanded [147],

yielding the linear relation
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P(GPa) =
� ! (cm� 1)

7:565
; (3.2)

where � ! is the di�erence between theR1 line at a given pressureP, and its value

obtained at ambient pressure. In Eq. 3.2, the values for theR1 line are more conve-

niently expressed in terms of Raman shifts, even though this line originates from a

�uorescence process. As a useful rule of thumb, from Eq. 3.2, a shift of 7.5 cm� 1 cor-

responds to a shift of 1 GPa. Importantly, the positions of theR1 and R2 peaks also

shift with temperature, and several works have investigated the pressure calibration

both in the low-temperature [238] and high-temperature range [181].

Alternative methods to determine the pressure inside of the chamber in DAC

experiments are: keeping track of the �rst-order Raman peak from the diamond

window, which shows a linear shift with pressure [84], or measuring the pressure-

dependence of the speci�c volume of a reference material that has a well established-

equation of state [89] such as Ag and Cu, via high-pressure x-ray di�raction.

3.3 The choice of gasket

The gasket is a crucial element for the operation of a diamond anvil cell. It: (i )

contains the PTM, allowing for the generation of hydrostatic pressures; (ii ) prevents

direct contact of the diamonds, (since diamonds can break upon direct contact); and

(iii ) extrudes material around the diamonds, as illustrated in Fig. 3-1, forming a

supporting ring which prevents the diamonds to crack due to the stress concentrated

at the edges of the anvil faces [95].

The gasket preparation usually starts with the indentation of the metal foil by

squeezing it between the two anvils, which will reduce the thickness of the compressed

area. Ideally one should use the same diamonds that will be used in the high-pressure

experiment. The indentation is performed in order to minimize the plastic deforma-

tion during the experiment, such that only the necessary degree of thinning is applied
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in order to pressurize the PTM [199]. Furthermore, the thinner the �nal indentation

thickness is, the higher the maximum pressure will be. For the experiments performed

in this thesis the gasket thicknesses were reduced from 300� m to � 90 � m.

After indentation, a hole is drilled at the center of the gasket with dimensions of

1/3-1/2 of the culet size, as previously mentioned, which will work as the pressure

chamber. Then, for the experiment, it is important that the gasket is seated on the

lower diamond in the same orientation as it had during the indentation so that the

indentation marks can align with those from the diamond facets.

It is also important to choose the right material for the gasket for a given ex-

periment. For instance, if the goal is to achieve higher pressures, one should choose

hard yet malleable materials such as rhenium or stainless steel. It is also important

to choose a material that is compatible with the PTM/sample for the experimental

conditions. For instance, in some of our high-pressure high-temperature experiments

using water as the PTM (see Apendix A), we observed the formation of oxides from

reactions of water with the metallic walls of the gaskets, when using Inconel and

rhenium gaskets. Thus, to avoid the formation of oxides, stainless-steel gaskets are

the best option. For high-pressure low-temperature experiments involving magnetic

�elds, usually BeCu gaskets are used, to facilitate the cooling and because they are

not magnetic. However, to increase the hardness of BeCu gaskets, therefore the max-

imum pressure, one needs to do a heat treating of those gaskets for three hours at

320 C° ideally in vacuum. Importantly, Be fumes or dust are extremely toxic, there-

fore every operation that can generate such particles, such as machining of Be, should

follow speci�c safety guidelines.

3.4 The choice of PTM

Ideally, high-pressure experiments (HP) should be performed under hydrostatic con-

ditions. However, every PTM solidi�es after a given pressure and upon solidi�cation,

the medium and consequently the sample, can develop pressure gradients and local

anisotropic stress components, (also termed deviatoric stress), that can signi�cantly
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a�ect the interpretation of the experimental data depending on their magnitude. A

recent example is of the superconductor CaFe22As2 in which di�erent high-pressure

experiments reported con�icting conclusions about its PT phase diagram, with the

contradiction being solved by the realization that the superconducting phase is ex-

tremely sensitive to non-hydrostatic conditions, being favored by uniaxial components

while absent under hydrostatic conditions [120]. Therefore, it is extremely important

to identify the hydrostatic limits of the PTM for a given HP experiment, as well

as the presence and strength of pressure gradients and local non-hydrostatic stress

components.

Importantly, some mediums can remain good quasi-hydrostatic PTMs even after

their solidi�cation, if the presence of deviatoric stress is su�ciently small. In order to

quantify the degree of hydrostaticity of a given PTM, a very popular technique was

introduced by the seminal work of Piermarini et. al [176] almost 50 years ago. In their

work, they investigated the hydrostatic limit of several PTMs in DAC experiments

using two methods: i by measuring the pressure at several di�erent locations from

tiny ruby crystals spread across the chamber- which can give information about the

presence of pressure gradients inside of the chamber, andii by measuring the spectral

linewidth of the R1 �uorescence peak from ruby, which can give information about

the presence of local non-hydrostatic stress components. The R1 peak will broaden

under the presence of local non-hydrostatic stress components because it is associated

with an electronic transition within the Cr3+ impurities, which is highly sensitive to

the local environment around the chromium ion.

This method remains popular and has still been used for instance, to determine the

hydrostatic limits of several PTMs for low-temperature experiments [209], in which

the solidi�cation of the PTM is unavoidable even at low pressures, due to the temper-

ature drop. The assessment of the presence of non-hydrostatic stress components was

carefully analyzed in all the experiments described in Chapters 5 to 7. For instance, we

used water as the PTM for the experiments described in Chapter 5. Even though wa-

ter solidi�es at � 1 GPa [164] at ambient temperature, previous studies [164, 176, 231]

and our own data show a lack of evidence of signi�cant pressure gradients or local
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non-hydrostatic stress components in the water medium up to approximately 8 GPa.

This upper limit is important since we observed several evidence of phase transition in

compressed few-layer graphene samples in the 4-7 GPa range. Those transformations

cannot be attributed by possible non-hydrostatic e�ects, as discussed in Chapter 5.

Table 3.1 shows the solidi�cation pressure and quasi-hydrostatic limit at ambient

temperature for several PTMs commonly used in high-pressure experiments.

Table 3.1: Solidi�cation pressure and quasi-hydrostatic range for several PTMs com-
monly used in high pressure experiments. Values obtained from Refs. [95, 176].

PTM Solidi�cation pressure Quasi-hydrostatic range
(GPa) (GPa)

Water 1.0 � 8.0
4:1 methanol/ethanol 10.4 � 20
16:3:1 methanol/ethanol/water 14.5 � 20
Helium 11.8 > 60
Argon 1.2 9
Nitrogen 1.2 13.0

Another important factor to take into account when analyzing the degree of hy-

drostaticity in a HP experiment is the sample/PTM volume ratio. The lower this

ratio is, the lower the degree of hydrostaticity will be [58].

Other relevant aspects for choosing a PTM is the di�culty of its loading process

into the DAC. Liquid PTM are fairly simple to load, as long as they are not volatile,

whereas loading gases is considerably more di�cult, often requiring equipment specif-

ically designed for this purpose.
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Chapter 4

Raman spectroscopy

Raman spectroscopy is a powerful experimental technique capable of probing funda-

mental excitations in solids using visible light. This technique is at the heart of this

thesis, and was used in all high-pressure experiments described in Chapters 5 to 7.

Given its importance, in this chapter, I will discuss the microscopic theory of Raman

scattering.

4.1 The Raman e�ect

The Raman e�ect is an inelastic light scattering process in which light is absorbed

by matter, and an excitation is created or absorbed in the system. Here, I am going

to describe the Raman e�ect in solids, but this e�ect can also be observed in atoms

and molecules. In a Raman process, a photon with energy�h! I and momentumk I is

absorbed by the medium, and a photon with a di�erent energy�h! S and momentum

kS is scattered. Here,! I;S corresponds to the angular frequency of light. Conservation

of energy and momentum require that:

�h! S = �h! I � �h! q ; kS = k I � q+ G; (4.1)
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where �h! q and q are the energy and crystal momentum of the excitation that was

created (�-� sign in Eq.4.1) or annihilated (�+� sign in Eq.4.1), andG is a reciprocal

lattice vector. The most typical excitation detected in experiments are phonons, -a

quantum of a lattice vibration, and it will be the focus of our description.

From Eq. 4.1, the light scattered in a Raman process has two components: the

Stokes and the anti-Stokes components, with photon energy lower and higher by�h! q ,

respectively, compared to the incident light. In a Raman spectrum, the intensity of the

scattered light is plotted as a function of�h! I � �h! S, corresponding to the energy of the

excitation created/annihilated- that quantity is called the Raman shift and is usually

displayed in units of cm� 1. By convention, the Stokes (anti-Stokes) components are

de�ned as positive (negative) quantities, with the energy of the incident excitation

taken to be zero.

The Raman e�ect can be described either in a classical or quantum mechanics

picture. In the following section, I will take the quantum approach and describe

the Raman scattering processes using the framework of time dependent perturbation

theory.

4.2 The Raman scattering process: a quantum ap-

proach

The intensity of a Raman process is proportional to the the rate in which the system

transitions from an initial state ji i to a �nal state jf i due to an interaction of matter

with the electromagnetic radiation. Since the radiation �elds have a time dependence

and only weakly disturbs the system, the time evolution of the joint system can be

treated within the framework of time-dependent perturbation theory [147].

Let us �rst de�ne our system as the crystal plus the electromagnetic radiation

that is interacting with it. The Hamiltonian of this system is given by [49]:

H = H0+ H I ; (4.2)
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whereH0 is the unperturbed Hamiltonian, andH I is the Hamiltonian of the pertur-

bation.

The unperturbed Hamiltonian is the sum of the crystal (Hc) and the electro-

magnetic radiation (H r ) Hamiltonian, whereas the Hamiltonian of the perturbation

corresponds to the sum of the electron-photon (Her ) and electron-phonon (Hep) in-

teraction Hamiltonian,

H0 = Hc+ H r ;

H I = Her + Hep:
(4.3)

The speci�c form of the interaction Hamiltonians is not relevant for our discussion

here, and for our purposes it is su�cient to say thatHer describes the interactions of

electrons with the electromagnetic radiation (often within the electric dipole approx-

imation) and Hep describes the interactions of electrons with the lattice vibrations of

the ions through the deformation potential [99].

Next, we will detail a one-phonon �rst-order Raman process using graphene as

an example of a scattering medium. We will also consider a Stokes process, which is

typically what one measures in Raman experiments. The initial state of the system

ji i can be labeled by the following parameters [153]

ji i = jnI (! I ); nS(! S); nq ;  i i (4.4)

(4.5)

wherenI (! I ) and nS(! S) correspond to the number of incident and scattered photons

at the frequencies! i and ! S respectively,nq is the number of phonons with frequency

! q and  i is the wave function of the electron.

Upon interaction with light, the scattering process proceeds in three steps as

illustrated in Fig.4-1 and discussed as follows [147, 33]:

1. A photon is absorbed by the material and the system transitions

form an initial state ji i to an intermediate state jai via the electron
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Figure 4-1: Steps of a one-phonon �rst-order Raman process exempli�ed
for graphene.

radiation interaction Her .

This step is represent by the upward vertical transition in purple fromji i to

jai shown in Fig. 4-1. In this process, a photon with energyh! I is absorbed

and the electron transitions from the state i at the valence band to a state

 a in the conduction band, creating an electron-hole pair. From momentum

conservation, the sum of the electron (ke) and hole (kh) crystal momentum

should be equal to the incident photon momentum (kphoton ). However, since

jkphoton j � j kej � 10� 4 for an electron near K point in graphene's BZ [147], we

have that ke � � kh, justifying the vertical transition at K. Overall for this step,

we have that:

jnI (! I ); nS(! S); nq ;  i i ! j nI (! I ) � 1; nS(! S); nq ;  ai : (4.6)

2. A phonon is created and the system transition from the interme-

diate state jai to the intermediate state jbi via the electron-phonon

interaction Hep.

This step is represent by the downward vertical transition in black fromjai to

jbi shown in Fig. 4-1. The excited electron interacts with the vibrating lattice

through the electron-phonon interaction HamiltonianHep and is scattered from

the intermediate state  a to  b by the emission of a phonon with crystal mo-

mentum q and energy�h! q . Notice that there is no electronic state injbi in
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Fig. 4-1, this is just a way to represent a so-calledvirtual state as as it will

be discussed later.

For the second step, we have that:

jnI (! I ) � 1; nS(! S); nq ;  ai ! j nI (! I ) � 1; nS(! S); nq +1;  bi : (4.7)

3. A photon is emitted and the system transition from the intermediate

state jbi to the �nal state jf i via the electron-photon interaction Her .

The �nal step is represent by the downward vertical transition in red from

jbi to jf i shown in Fig. 4-1. The electron-hole pair recombines at K via the

the electron-photon interaction HamiltonianHep, and a photon is emitted with

energy�h! S. After recombination, the electron returns to its initial state  i .

For the �nal step, we have:

jnI (! I ) � 1; nS(! S); nq +1;  bi ! j nI (! I ) � 1; nS(! S)+1 ; nq +1;  i i : (4.8)

For visible light, the momentum of the incident and scattered light are small compared

to typical Brillouin sizes. Therefore, from momentum conservation (Eq. 4.1), we have

kS = k I � q+ G; kS � k I � 0

0 � q;
(4.9)

that is, the phonon created must be near the� point, justifying the vertical transition

from jai to jbi in Fig. 4-1.

4.3 The transition rate: resonance e�ects and vir-

tual states

The intensity of the Raman process will be proportional to the rate1=� in which the

system transitions from an initial stateji i at t0 to a �nal state jf i at t via the total
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Hamiltonian (Eq. 4.2), summed over all possible �nal states [132]:

I /
1
�

=
d
dt

X

f

j hf jexp(� iH (t � t0)=�h)ji i j 2: (4.10)

Upon expanding the time-evolution operatorexp (� iH (t � t0)=�h) perturbatively

in a series of powers of the matrix elements ofH I up to the third order, as detailed

in Ref. [147], we obtain:

I = /
1
�

=
2�
�h2

X

f

�
�
�
�
�

X

a;b

hf jHer jbi hbjHepjai hajHer ji i
(�h! I � �h! eh;a)(�h! I � (�h! q +�h! eh;b))

�
�
�
�
�

2

� [�h! I � (�h! S +�h! q)]:

(4.11)

Each step described in Sec. 4.2 contributes with a term in the numerator in

Eq. 4.11, with steps 1, 2 and 3 contributing with the matrix elementshajHer ji i ,

hbjHepjai and hf jHer jbi , respectively. The photon absorption (step 1) also contributes

with the �st term in the denominator (�h! I � �h! eh;a), where�h! eh;a is the energy of the

electron-hole pair created in step 1. The phonon creation (step 2) contributes with

the second term in the denominator(�h! I � (�h! q +�h! eh;b)) , where�h! eh;b is the energy

of the electron hole pair recombined in step 3. The Dirac delta function guarantees

the conservation of energy by enforcing the energy of the incident photon (�h! I ) to be

equal to the energy of the scattered photon (�h! S) plus the phonon created (�h! q).

From Eq. 4.11 we note that whenever the energy of the excitation becomes closer to

the energy of the electron-hole pair (or the energy of an electronic state of the system)

in step 1, the �rst term in the denominator will tend to 0 and the probability of the

scattering event to occur increases by orders of magnitude (� 103 [99]). This condition

is called a Resonant Raman process. The resonance condition can also occur if the

second term in the denominator tends to zero, that is, if the energy of the excitation

minus the energy of the phonon (�h! I � �h! q ) becomes closer to the energy of the scat-

tered photon (the energy of the electron-hole pair recombined�h! eh;b). The resonance

condition when the �rst (second) term of the denominator in Eq. 4.11 tends to zero
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is called incident or incoming resonance (scattered or outgoing resonance ).

Due to the linear electronic dispersion of graphene near K it is always possible to

reach either incident or scattered resonance condition.

Now we are in a better position to understand the representation of the virtual

state jbi in Fig. 4-1. Due to the linear electronic dispersion of graphene near K,

it is always possible to match the energy of the laser with an electronic transition

from a state  i (k) in the valence� band to a state a(k) in the conduction � � band,

wherek is the crystal momentum. When this condition is met, the �rst term in the

denominator will go to zero and we can say that this step conserves energy � the

energy of the laser is equal to the energy of the electron-hole pair created (E( a(k))-

E( i (k))). Now in the second step, the electron is scattered from a(k) to  b(k + q)

due to the emission of a phonon with crystal momentumq � 0 and energy�h! q .

Therefore, one can consider the state b(k + q) to be nearly the same as a(k) with

same energy, even though a phonon with energy�h�h! q was created in this scattering

process. This particular scattering process (step 2) violates energy conservation, and

a way to represent it is shown by the black arrow connecting a real statejai to a

�virtual state� jbi as shown in Fig. 4-1. Indeed, virtual states in Raman processes

can be de�ned as intermediate steps that do not to conserve energy, however they do

conserve wave vector due to the translation symmetry of the crystal [33].

Importantly, even though the intermediate steps do not need to conserve energy,

the overall Raman process must conserve energy, with the energy of the scattered

photon being equal to the energy of the incident photon minus the energy of the

phonon created (for a Stokes process). Another important features is that since

they violate energy conservation, virtual states can exist for a short period of time

according to the uncertainty principle [33].

Lastly, under resonance condition such as when the laser excitation exactly

matches an electronic transition, (�h! I � �h! eh;a = 0), the intensity of the Raman

process will diverge according to Eq. 4.11. To avoid this unrealistic situation, the

energy of the excited state�h! eh;a is replaced by a complex value�h! eh;a � i� , where

� = 1=�a is a damping constant, with� a being the �nite lifetime of jai due to radiative
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and nonradiative decay processes [33]. Taking into account the �nite lifetime of the

intermediate states, the intensity of a one-phonon �rst order Raman process is given

by [99]:

I = /
1
�

=
2�
�h2

X

f

�
�
�
�
�

X

a;b

hf jHer jbi hbjHepjai hajHer ji i
(�h! I � �h! eh;a � i� a)(�h! I � (�h! q +�h! eh;b) � i� b)

�
�
�
�
�

2

: (4.12)
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Chapter 5

Hard, transparent, sp 3-containing 2D

phase formed from few-layer

graphene under compression

The following chapter is based on the work published in Ref. [146], with modi�cations

and corrections.

5.1 Introduction

The search for stable 2D diamond has gathered recent interest due to the possibil-

ity of combining diamond's distinguished properties, such as superior hardness [248]

and heat conduction [16], to exotic new properties that may arise from the reduced

dimensionality. Its existence was �rst proposed over a decade ago [44] and di�er-

ent structures have been theoretically proposed ever since [43, 17, 9, 74]. In most

structures, stability is achieved by surface functionalization at the top and bottom

surfaces [44, 9, 74], sometimes called diamane [44] for bilayer, and diamanoïds for

thicker layers [173]. Diamondene [148], another proposed 2D diamond structure,

greatly di�ers from those, being covalently bonded to chemical groups only at the top

surface while the bottom exhibits a periodic array of dangling bonds. For a complete

top surface-functionalization, this structure is predicted to be stable upon pressure

63



release and the dangling bonds can be preserved if the substrate is chemically inert.

These unpaired electrons generate magnetism in diamondene, and their periodic dis-

tribution gives rise to two spin-polarized bands, making it an ideal platform material

for spintronics [17, 148].

In this brand new and fast-moving �eld of 2D diamond research, there are two

main routes being explored for synthesis: high-pressure compression and chemical

functionalization of few-layer graphene. On the chemical functionalization front, the

strongest indications of the existence of 2D diamond had been obtained from Raman

spectroscopy measurements of hydrogenated few-layer graphene [173, 174]. Recently,

Bakharev et al. [15] provided convincing structural evidence for the formation of

diamane through �uorination of bi-layer graphene. However, their samples did not

show any Raman feature of diamond, unlike the diamond features observed for hy-

drogenated graphene in the work by Piazzaet al. [173]. Considering both works used

similar excitation laser energies (in the visible range), such discrepancy indicates that

there are open questions regarding the properties of di�erent 2D diamond structures.

On the high-pressure front, most experimental indications of the existence of 2D

diamond have been obtained either by tip-compression [17, 74, 38] or hydrostatic

compression [148, 104, 105] of few-layer graphene. Even though the aforementioned

works reporting on the tip-compression route provide signi�cant advances in the �eld,

the resulting pressure-induced phase is spatially limited to the size of the apex of

the compressing tip, which limits potential applications and makes it challenging

to further assess the resulting structural properties. As a most reliable alternative,

hydrostatic compression using diamond anvil cells (DACs) allows for the pressure-

induced conversion of the whole �ake, facilitating the investigation of the material

properties of the pressure-induced phase and opening the possibility of obtaining

stable structures for practical applications. To date, there are only a few reports on

pressure-induced transformations in individual graphene �lms using DACs [148, 104,

105], in contrast with the vast literature describing high-pressure phases in room-

temperature compressed graphite [237, 83, 220, 145, 85, 13].

Martins et al. [148], performed high-pressure Raman experiments on CVD
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graphene samples, monitoring the bond-stretching G mode's frequency with laser

energy. The G peak blueshifts for higher excitation energy in a mixed sp2-sp3 sys-

tem, whereas its position is independent of the laser excitation energy in a pure sp2

system [63]. From those measurements, the authors observed a sp2 to sp2-sp3 phase

transition at � 5 and 7.5 GPa in double-layer CVD graphene for two samples when

water was used as the pressure transmitting medium (PTM). The transition was not

observed for single layer graphene compressed in water PTM or bi-layer graphene

compressed in mineral oil up to� 13 GPa. Those results indicate that water facili-

tates the phase transition in graphene systems with two or more layers, by reducing

the critical pressure. Indeed, tip-compression measurements also indicated a water-

assisted pressure-induced phase transition in graphene with two or more layers [17]

as well as in hexagonal boron nitride (hBN) [18], being absent in dry conditions for

both cases.

The proposed mechanism for this water-assisted pressure-induced phase transi-

tion in graphene is that under high pressures, water can provide the functionalization

groups -H or -OH that can bond to the top graphene layer, substantially decreas-

ing the pressure necessary to form inter-layer covalent bonds between the carbon

atoms [17, 148], leading to the formation of diamondene. Such a mechanism could

explain the large discrepancy in critical pressures observed for bi-layer graphene com-

pressed in water (� 6 GPa) [148] compared to tri-, tetra-, hexa-, and 12-layer graphene

compressed in Daphne 7373/Argon PTMs (� 20-30 GPa) [104, 105].

In Ref. [104], the authors observed band gap opening accompanied by transparency

starting at � 30 GPa in tri-layer graphene from electrical resistance and optical ab-

sorption measurements [104], which they inferred that could be caused by a sp2-sp3

rehybridization. More recently, the same group repeated the methodology to detect

band gap opening in tri-, tetra-, hexa- and 12-layer graphene in the� 20-30 GPa

range [105]. They associated this transformation to the formation of an atomically

thin hexagonal diamond. However, it is important to note that the claim was based on

experimental data obtained from x-ray di�raction (XRD) measurements performed

on graphene powder, which is a mixed system with �akes of di�erent thicknesses ran-
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domly stacked on top of each other. Therefore, one cannot rule out the possibility

that the observed hexagonal diamond di�raction signal originates from bulk struc-

tures formed upon coalescence of several �akes, or from transformation of thicker

graphite �akes usually present in graphene powders. In fact, it must be pointed out

that in-situ structural evidence of an isolated 2D diamond formed by compression of

isolated �akes via high-pressure experiments presents an enormous challenge given

the 2D nature of the samples and their low atomic number.

From the combined information from these aforementioned works, pressure-

induced transparency and evidence of a sp3-rich phase have each been reported indi-

vidually in Refs. [104, 105] and Ref. [148], respectively. It is important to mention

that even though transparency could be an indication of sp2-sp3 phase transition, the

experimental techniques used in Refs. [104, 105] do not allow to assess the presence

of sp2 and sp3 carbons, unlike Raman spectroscopy. Evidence of increased hardness

has been reported only by local nano-indentation experiments in bilayer graphene in

SiC [74], and was not accompanied by further information about optical properties

or spectroscopic signatures of the new phase. It is still possible that the observed fea-

tures in these works are uncorrelated to a phase transition to a 2D diamond-like phase.

Thus, the combined properties expected from a 2D diamond-like structure, such as

sp3 content, transparency and hardness, have not yet been observed in compressed

graphene systems.

In this work, few-layer graphene samples on SiO2/Si substrate are compressed

in a water PTM. The �rst experimental evidence of the formation a quenchable

pressure-induced hard, transparent, sp3-rich 2D phase is provided from changes in

the Raman spectra and optical images upon compression as well as from indentation

marks on the substrate, as evidenced by atomic force microscopy (AFM) measurments

of the samples post-compression. For optical measurements, we developed a new

technique to consistently load 2D materials on SiO2/Si substrate into diamond anvil

cells (DACs). The Raman spectroscopy results indicate a surprisingly similar critical

pressure for two- and �ve-layer graphene, and also for thin graphite (more than 20

layers) in the 4-6 GPa range, as well as the lowest reported critical pressure (� 4 GPa)
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and pressure-induced transparency (completed at� 7GPa) in graphite, which we

attribute to the role of water in facilitating the phase transition. Molecular Dynamics

(MD) and Density Functional Theory (DFT) simulations show a surface-to-bulk phase

transition mechanism that starts with the inter-layer bonding of the top layers and

then propagates along thec axis with increasing pressure. Our experimental data

corroborates with this mechanism, giving hints of diamondene formation at the onset

of the phase transition.

5.2 High-pressure experiments

High-pressure Raman experiments were performed on mechanically exfoliated

graphene samples sitting on SiO2/Si substrates. To prepare the samples, we devel-

oped a new method that can be used to systematically load 2D materials and related

heterostructures into DACs, addressing a common bottleneck in high-pressure ex-

periments involving these types of systems. Horseshoe-shaped trenches were etched

through 25� m-thick Si substrates covered with a 300 nm-thick SiO2 layer, as shown

in Figure 5-1a. The graphene �akes were transferred onto the region surrounded by

the trenches, using a pick�up/transfer technique [226]. Afterwards, the tiny (� 70� m

of diameter) SiO2/Si disk supporting the graphene piece was cleaved and detached

from the SiO2/Si wafer using a sharp stainless steel tip, and the same tip was used

to bring the disk inside the DAC, as illustrated in Fig. 5-1b. For the Raman exper-

iments, two samples were prepared using this method : a bi-layer graphene, shown

in Fig. 5-1c, and a thin graphite (much more than 20 layers) piece sitting next to a

�ve-layer graphene, both shown in Fig. 5-1d.

The samples were compressed in the DAC using water as the PTM, and all Raman

spectra were acquired using a 532 nm excitation laser wavelength [schematics shown

in Fig. 5-1e]. Figure 5-1f shows the evolution with pressure of the �rst-order Raman-

allowed G band (� 1580 cm� 1 in ambient pressure), and the two-phonon Raman 2D

band (� 2700 cm� 1) [99] for the �ve-layer graphene sample compressed in water PTM

up to 18 GPa. The strong Raman features at approximately 1330 cm� 1 and below
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Figure 5-1: Horseshoe method to load 2D materials transferred onto SiO 2/Si
substrates into DACs. a Optical image of a bi-layer graphene sample on a sili-
con disk. A �horseshoe� shape is etched through a 25� m silicon sample coated with a
300nm thermal oxide. Then, the 2D sample is transferred onto the center of the silicon
disk via the standard pick up and transfer technique.b Illustration of the �break-
ing and loading� process. First, the silicon disk containing the sample is pressed
with the tip of a needle, in a region away from the sample, until it cleaves. The
sample/SiO2=Si is then picked up, and loaded into the gasket hole with the aid of a
needle.c�d Optical images of the samples inside the gasket hole of bi-layer graphene
c and �ve-layer graphene and graphited. e Schematic of the high-pressure Raman
experiments. The sample was loaded into a DAC together with the ruby and water
PTM. At each pressure, the Raman spectra was acquired with a 532 nm laser excita-
tion line. f Evolution of the G and 2D bands (at� 1580 and� 2700 cm� 1 at ambient
pressure, respectively) with pressure for �ve-layer graphene sample compressed in
water PTM up to 18 GPa. The strong Raman features at approximately 1330 cm� 1

and in the range of 2400-2670 cm� 1 correspond to the �rst and second-order Raman
modes originated from the top diamond of the DAC.
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