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Resumen

Los sesquicalcogenuros con estequiometria BoXs, con A= Al, Gaelny X=S, Sey
Te, han recibido gran atencion a lo largo de los dltimos afios, en particular en como
modificarlos para obtener nuevas estructuras con propiedades inéditas, permitiendo
su uso en una amplia variedad de aplicaciones. Si bien vias como el uso de
altas/bajas temperaturas o modificar la composicién quimica han sido bastante
explotadas para modificar y obtener nuevas estructuras, las altas presiones estan
ganando auge como una tercera via para obtener nuevos materiales. El uso de altas
presiones implica emplear celdas de yungues de diamantes, preparadas para alcanzar
altas presiones, ademas de altas temperaturas. A estos dispositivos se acoplan
multitud de técnicas experimentales, como espectroscopicas (Raman e IR),
difraccidn y absorcién de rayos X, medidas de absorcion Gptica, de resistividad, etc.,
con el fin de estudiar como la materia evoluciona en dichas condiciones extremas.
Adicionalmente, los célculos teéricos son empleados como apoyo a los resultados
experimentales.

Dentro de los trabajos existentes a altas presiones de esta familia de compuestos,
estos han llegado a conclusiones incluso contradictorias, arrojando mas dudas acerca
su comportamiento bajo presion. De todos los integrantes de estos
sesquicalcogenuros, Ga;Ss, In2S3 y In2Ses, han sido los méas estudiados bajo presién.
En esta tesis se han evaluado los efectos de la alta presion en estos tres
sesquicalcogenuros, haciendo uso de espectroscopia Raman y difraccion de rayos X,
siempre con el soporte de los célculos tedricos, con el fin de aclarar los resultados
publicados anteriormente.

Fruto de estos trabajos, la presente tesis recoge los cuatro articulos publicados en
revistas indexadas. Dichos articulos han dado luz al comportamiento bajo presion de
estos compuestos, como caracterizacion de propiedades vibracionales y estructurales
bajo presion, mecanismos de transicion, transiciones de fase inducidas bajo presion,
asi como caracterizar dichas fases de alta presién. Con todo ello, estos trabajos
pretenden no solo conocer fehacientemente el comportamiento bajo presion de estos
tres sesquicalcogenuros, sino impulsar futuros trabajos en el resto de los compuestos
de esta familia y en otros similares, como en compuestos ternario AB»Xs con
estructura tipo espinela y vacantes ordenadas.
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Abstract

B2X3 sesquichalcogenides (A = Al, Ga and In, X = S, Se y Te) have received special
attention along last years, with great emphasis in tailor them to attain new structures
to novel properties, driving them in a huge number of applications. Although
high/low temperature or varying chemical composition have been extensively used
to modify and obtain new structures, high pressure is gaining relevance as an
alternative way to synthetised new materials. To reach such pressures and
additionally high/low temperatures, diamond anvil cells are used. Many
experimental techniques can be coupled to these tools to study matter under extreme
conditions (Raman and IR spectroscopy, X-ray diffraction and absorption, optical
absorption, and resistivity measurements, among others). Additionally,
computational simulations are used to give further support to the experimental
results.

Despite the several existing works devoted to the behaviour under pressure of this
family, controversial results have been reported. The most studied of these
sesquichalcogenides have been Ga,Ss, In»S3 and InySes. The aim of this thesis is to
revisit the pressure effects by means of Raman spectroscopy and X-ray diffraction,
with the help of computational simulations, for the purpose of clarify the results
published earlier.

The current thesis contains the four articles published in indexed journals, resulting
from the study of these three sesquichalcogenides. Such articles shed light to the
pressure behavior of these compounds, their vibrational and structural properties
under pressure, pressure-induced phase transitions and the mechanisms behind them
and characterize such high-pressure phases. With these works, we pursue not only a
depth understanding of the pressure behavior of these sesquichalcogenides, but boost
future high-pressure works on the rest of the family and other similar compounds, as
AB2X,4 with spinel structure and ordered vacancies.
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Resum

Els sesquicalcogenurs amb estequiometria B2X3, amb B = Al, Ga, i Ini X =S, Se, i
Te, han rebut una gran atenci6 al llarg dels darrers anys, en particular sobre com
modificar-los per tal d’obtindre noves estructures amb propietats inédites, permetent
el seu Us en una amplia varietat d’aplicacions. Si bé I’uis d’altes/baixes temperatures
o moadificar la composicié quimica han segut prou explotades per a modificar i
obtindre noves estructures, les altes pressions estan guanyant importancia com una
tercera via per a obtindrer nous materials. L1s d’altes presions implica emprar
cel-les d’encluses de diamants, preparades per a assolir altes presions, a més a mes
d’altes temperatures. A aquestos dispositius s’acoblen multitud de teécniques
experimentals, com ara espectroscopiques (Raman i IR), difraccié i absorci6 de raigs
X, mesures Optiques, de resistivitat, etc, amb la finalitat d’estudiar com la matéria
evoluciona en aquestes condicions extremes. Adicionalment, els calculs tedrics son
emprats com a recolgament dels resultats experimentals.

Dins dels treballs existents a altes presions a aquesta familia de compostos s’ha
arribat a determinades conclusions algunes de les quals son contradictories, el que ha
sembrat moltes dubtes al voltant del seu comportament sota pressio. De tots els
integrants d’aquestos sesquicalcogenurs, Ga;Ss, In.S; i In.Ses han sigut els més
estudiats sota pressio. En aquesta tesi doctoral s’han evaluat els efectes de les altes
pressions a aquestos tres sesquicalcogenurs, fent us de 1’espectroscopia Raman i la
difraccio de raigs X, sempre amb el suport dels calculs teorics, amb el fi d’aclarir els
resultats previament publicats.

Fruit d’aquestos treballs, la present tesi doctoral recull els quatre articles publicats a
revistes indexades. Aquestos articles han vessat llum sobre el comportament sota
pressié d’aquestos compostos, com ara la caracteritzacid de les seues propietats
vibracionals i estructurals sota pressi6, les transicions de fase induides sota pressio i
els mecanismes d’eixes transicions, aixi com la caracteritzacio de les seues fases
d’alta pressi6. Amb tot, aquestos treballs pretenen no només concixer el
comportament sota pressidé d’aquestos tres sesquicalcogenurs, sino també impulsar
futurs treballs a la resta de compostos d’aquesta familia i altres compostos
rel-lacionats, com ara els compostos ternaris AB2X4 de tipus espinela i de vacants
ordenades.
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The purpose of this first chapter is fivefold. First, I aim to give a general view of the
compounds studied under extreme conditions. In this sense, the nine compounds that
constitute these B,X3 sesquichalcogenides are briefly seen. Second, I intend to
comment on what we understand by extreme conditions, specifically high pressures
(HP). In particular, I will introduce the designed devices to reach such conditions and
the main findings that HP allows to observe. The third and fourth sections display the
experimental and theoretical methods used to undertake this present thesis. Finally, in
the last section, I will comment on the objectives pursued in this thesis.

Albeit the main scope of this thesis is the changes and phase transitions (PT) occurring
in In,Ses, Ga,S3 and In,S; compounds at HP, the first and second sections will display
to the reader relevant aspects of the B>X3 family (B=Al, Ga, In; X=S, Se, Te), as well
as a veritable tour of the extreme conditions.

1. OVERVIEW OF GROUP-III B,X; SESQUICHALCOGENIDES

Group-III B,Xj; sesquichalcogenides (B=Al, Ga, In; X=S, Se, Te) are compounds that
have drawn considerable attention for many years in an attempt to tailor their
properties for several applications. The unequal number of cations and anions within
this stoichiometry results in the mismatch between valence electrons, leading to
vacancies. Although B cations can be coordinated only tetrahedrally (B = Ga), or both
tetrahedrally and octahedrally (B = Al, In), vacancies are always located in tetrahedral
sites.

These vacancies are necessary to hold the Grimm-Sommerfeld rule,b 2, therefore,
maintaining the charge neutrality. These vacancies represent one-third of the cation
sites and can be arranged along the structures in an orderly fashion (helices, lines, and
planes®), or can be totally disordered in cation sites. Such vacancies allow building
materials with anisotropic properties, tuning the bandgap, adding other elements, and
even promoting PTs in a way to reaccommodate the intrinsic vacancies. In case
ordered vacancies are present in their crystalline structures, these compounds are
considered ordered vacancy compounds (OVCs). However, the intrinsic vacancies
can be disordered at room conditions (RC), at high temperature (HT), or HP. In
general, most of the structures found in this family come from the original spinel,
zincblende, or wurtzite-like structures, yielding disordered spinels (DS), defective or
disordered zincblende (DZ), or defective or disordered wurtzite (DW) structures,
respectively.

Among the Al-based B»X; sesquichalcogenides, Al,S; is the most studied. We have
witnessed an abrupt interest in secondary aluminium-sulfur (Al-S) batteries in recent
years. For instance, the theoretical capacity of Al,Ss3 as a cathode, if it fully lithiated,
is 1874 mAh/g. Experimentally, it was observed at about 62% of such theoretical
capacity,* mainly due to the irreversible formation of LiAl and Li,S in the core of the
cathode at the initial discharge. However, the lithiation of Al,S; occurs at low
potential, thus clearly recommending this sesquicalchogenide as an anode material.
To avoid these irreversible reactions and adequate it as anode material, AISy films
deposited on nitrogen-doped nanosheets have been investigated.’ As a result, they
exhibited a reliable cyclability with a sustainable capacity of 640 mAh/g in the range
of 0.6-3.5 V. More recent research points out the use of pure Al and S as anode and
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cathode material, respectively.®!® These Al-S batteries, with a theoretical capacity of
1072 mAh/g, offer an excellent substitute for Li batteries, in addition to the abundance
of both Al and S in the earth’s crust. Al,S; plays a key role in these Al-S batteries
because it is deposited on the S cathode in the discharge process, so many strategies
have emerged to facilitate its oxidation. In this sense, many works have focused on
Al,S5 and how to oxide it back to S™!! to enhance the performance of these promising
Al-S batteries.

Regarding other AlLX3 compounds, they have been the subject of many studies, but
not as extensively as AlLSs. AlLSes; deposited on Si(111) has shown relevant
properties, as HT stability, high order degree and lack of dangling bonds. All of these
properties are crucial for the next-generation of silicon-based self-assembled
nanostructures.!? Luminescence in the near UV spectral region has been observed on
AlSes nanocrystals, which makes it suitable for optoelectronic blue light emitters.'3
As for Al,Te;s, there is no relevant works to remark, just its use for its good thermally
stability to improve the stability of Al,Tes;-SboTes materials to build phase change
random access memories.'

Table 1 summarizes the different phases of all Al,X3 found in the literature. For Al,S3,
the phase diagram shows that a-Al,S;3 transforms into y-ALS3 at 990 °C, which melts
congruently at around 1083 °C.15 Other phases, such as 8- and a’-ALS; with B-In,S;
and DZ-like structure, respectively, have been synthesized at both HT and HP.!%17 On
the other hand, a-Al>Se; melts congruently at around 940 °C.'S In contrast, B-Al,Se;
has been observed at RC but has not been studied under HT.!® As occurred in AlS3,
phase with B-In,Ss-like structure, the a’-Al,Ss3, can be synthesized at both HT and
HP.'7 Finally, a-AlTe; transforms into B-Al,Te; at around 720 °C, melting
congruently at around 865 °C.'5 However, further information about the structure of
B-Al,Te; has been reported.'> 18 Finally, it must be stressed that other phases that are
quasi-stoichiometric can be obtained with DW structure, as B-AlS3, B-Al,Ses and -
Al,Tes 1921

To date, there are just a few experimental works devoted to the synthesis at HT and
HP of ALLX; compounds, such as 5-Al,S3, a'-ALS; and o'-AlxSe;.'% 17 In this context,
many pressure-induced PTs have been theoretically predicted for stoichiometric
ALS;, following the sequence (transition pressure values in brackets): 6-AlS; — v-
AlS; (=10 GPa) — Pbcn (=25 GPa) — B-ALS; (=75 GPa) — P63/mmc (=100 GPa)
— P-1 (=175 GPa) (see Fig. S1 of Ref. 22). In summary, it can be said that these
ALX; sesquichalcogenides are the least studied. They constitute, without a doubt
whatsoever, a landscape to be explored, especially in HP.
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Table 1. Phases found in literature of Al2X3 (X =S, Se, Te) sesquichalcogenides. Vac.
indicates if vacancies are ordered (O) or disordered (D). The P,T column refers to
conditions under which the phases have been observed. More information is given in
the footnote.

Phase S.G. Struc. Crystal Lattice
(Vac.) P,T (n°) type system parameters Ref.
ALS; a-ALS; RC P6, a-AlLS; Hexagonal a=b= 23,24
() (169) 6.49 A,
c=17.17 A
v-ALS; 1000 °C R-3¢ a-AlLOs Trigonal a=b=647 15,19,
(0) (167) A, 2
c=1727 A
5-AlS; 6.5 GPa, 14,/amd B-In,S; Tetragonal a=b= 16
0) 1200 °C (141) 7.03 A,
c=29.81 A
o'-AlS;3 4.0 GPa, Fd-3m DS Cubic a=994 A 7
(D) 400 °C (227)
B-AlS;*? HT P65/mc DW Hexagonal a=b= 9
(D) (186) 3.58 A,
c=583A
AlSe; | o-AlSe; RC Cc o'-Ga,S; | Monoclinic | a=11.68 A, 15,26
(0) ©) b=6T3 A, c
=732A4,
B=121.1°
o'-Al,Ses 6.0 GPa, Fd-3m DS Cubic a=1045A 7
D) 600 °C 227)
B-AlSe;” RC P63/mc DW Hexagonal a=b= 2
(D) (186) 3.89 A,
c=6.30A
Al,Tes a-Al,Tes RC P12,/cl Al,Tes Monoclinic a=7.18A, 15,21,
(0) (14) b=12854, | ¥
c=14.17 A,
B =90.04°
B-Al,Tes* 720 °C ? ? ? ? 15,18
?
- RC P6s/mc DW Hexagonal a=b= u
ALTe (186) 4.08 A,
D) c=6.94A

“RC = room conditions, S.G. = space group, DS = defective spinel, DZ = defective wurtzite.
* Temperature reached is not indicated.

® Almost stoichiometric.

¢No more information about this phase is given in the references mentioned.

4Obtained via thermal decomposition of AlTeX compounds (X = Cl, Br, I).

When it comes to Ga-based B>X; sesquichalcogenides, several studies have made
efforts to explore them for many applications. In this sense, o'-Ga,Ss, the stable phase
at RC (see Table 2) exhibits interesting properties. Good transparency in the infrared
(IR) region, large second-harmonic generation (SHG) effects and high laser-induced
damage threshold (LIDT) properties in o'-Ga,S; have been demonstrated. These
features make this material competitive with other IR nonlinear optical (NLO)
compounds, such as AgGaGeS., LiGaS;, Li,Ga;GeS¢ and BaGasS; for second-order
nonlinear optical devices.?® Absence of strong phonon absorption peaks in o'-Ga,S;
for wavelengths above 100 pum has been measured, which entails promising
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applications in the THz range.?” On the other hand, o'-Ga,S; meets suited properties
for blue to UV photodetectors,’® 3! gas sensors,3? light emitters,* 3¢ sodium ion
batteries,> micro-tunable laser,® and silicon-based optical switches,’” among other
applications.

Table 2. Phases found in literature of GaxX3 (X =S, Se, Te) sesquichalcogenides. Vac.
indicates if vacancies are ordered (O) or disordered (D). The P,T column refers to
conditions under which the phases have been observed. More information is given in
the footnote.

Phase P.T S.COJ. Struc. Crystal Lattice Ref.
(n°) type system parameters
Ga,S; o'-Ga,S; RC Cc o'-Ga,S; | Monoclinic | a=11.11 A, 38,39
) ©) b=6.40 A,
c=7.02 A,
B=121.73°
a-Ga,S;*° 920- P6, a-ALS; Hexagonal a=b= 40,41
(D) 1080 | (169) 6.39 A,
°C, c=18.04 A
RC
B-Ga,S;*° 920- | P6sy/mc DW Hexagonal a=b= 40-43
(D) 1080 (186) 3.68 A,
°C, c=6.03 A
RC
v-GayS;™° 858- F-43m DZ Cubic a=b= 41,43-
(D) 911 (216) 3.68 A, 4
°C, c=6.03 A
RC
Ga,Ses Mono- RC Ce B-Ga,Se; | Monoclinic a=b= 46-49
B-GarSes® ©) 6.60 A,
(©) c=11.65 A,
B =108.84°
Ortho- RC Imm2 o-11- Tetragonal a=3.90A, 47-50
B-GaZSef (44) Il’lzTe3 b=1 183A,
©) =579 A
a(y)-Ga,Se;™¢ 730 F-43m Dz Cubic a=542 51,52
(D) °c | (216) (5.63) A
(RC)
Ga,Te; B-Ga,Te; RC F-43m DZ Cubic a=589A 4,53,
D) (216) b
Ortho RC Imm2 o-11- Tetragonal a=4.10A, 55,56
a-Ga,Tes® (44) In,Te; b=236A
©) c=125A

*RC = room conditions, S.G. = space group, DZ = defective wurtzite, DZ = defective zincblende.

* Almost stequiometric.

It can be synthetised at RC depending on temperature, Ga/X (X = S, Se, Te) ratios or adding other
cations/anions.

¢ Monoclicnic (mono) and orthorhombic (ortho) differ in how the vacancy arrays are displayed along the
structure. In the former vacancies lie on helices along [001], in the latter are placed in straight lines.

4 Both zincblende-type structures quite similar have been reported in literature, depending on the
temperature and Ga/Se ratio.

¢ Synthetised from a mixture of pure Ga and Te at 450°C.5¢

a'-Ga,S; melts congruently at about 1100 °C. Sub-stoichiometric (sulphur defective)
phases close to 2:3 relation can be obtained according to the Ga-S phase diagram,*"




Experimental and theoretical study of B2X3 sesquichalcogenides under extreme conditions

43,57, 38 which are displayed in Table 2. A few works have explored these sub-

stoichiometric phases and their properties for several applications in
optoelectronics,’® % photoelectronics,®! sensing,®? and nonlinear optics.?® The earlier
works focused on the HP behavior of o'-Ga;S; as well as in the different phases
observed under increasing and decreasing pressure. They will be discussed in sections
2.2. and 2.4. of Chapter 2. Additionally, other phases of Ga,Ss3 (a, f3, y) have been
synthesized at HT and quenched at RC.

B-GasSes (see Table 2) is the stable phase of Ga,Se; at RC and has been extensively
studied as a matrix for dopants, such as Cr'?*3 % Fe*2,%4 Co™2,%5 and Mn'2,% among
others. These cations can occupy the vacancies in the structure. These vacancies in
order to release highly anisotropic materials, mono-f-Ga,Se; has been growth on
several substrates.% The control of vacancies allows not only tuning anisotropic
properties, such as optical transmission and photoluminescence,*® but also passivating
the interfaces.” In this sense, it is interesting to note that the different properties are
quite dependent on how vacancies are ordered through the structure. In fact, there are
two B-GasSe; phases: monoclinic (mono)-B-GazSes and orthorhombic (ortho)-f-
Ga,Ses with a-11-In,Tes-like structure (more details in Table 2). Unlike a'-Ga,Ss, B-
Ga,Ses transforms into a-GasSe; at about 1000 °C. This a-Ga,Ses not only observed
at HT, but can also quench at RC. Due to the presence of disordered vacancies, a-
Ga,Ses has been considerably studied for absorbing and buffer layers in solar cells,”"
2 optoelectronic applications,”> 7 luminescence devices,”® and thermoelectric
materials,’® among others. Moreover, it has shown ferroelectricity in nanoflakes,
removing the requirement of a polar point group, thus expanding ferroelectric
materials to defective compounds with a non-polar point group.”” ® Another DZ
structure, y-GaySes, has been observed experimentally, whose lattice parameter differs
a bit somewhat compared to o-GaSe;. However, this latter y-Ga,Ses and the
conditions to obtain it remains unclear.>

Regarding the heaviest sesquichalcogenide in this group, -Ga,Tes (see Table 2), the
DZ structure is the only stable phase at RC, which melts congruently at about 810
°C.5 7 Similarly to a-GasSes, B-GaTes has been in the spotlight of multiple works
due to the disordered vacancies in cation sites. More specifically, it has been studied
mainly for selector devices and cross-point arrays for emerging memories,3* 3! anodes
for lithium-ion batteries,®? and thermoelectric and highly efficient phase-change
materials.”® 83-85

Again, the a-II-In,Tes-like structure is observed in ortho-a-Ga;Te; (see Table 2).
However, there are no evidences of the mono-B-Ga,Ses-like structure in Ga,Tes.
Despite of that, properties of mono and ortho structures in both Ga,Ses; and Ga,Tes
have been explored via theoretical calculations, in an attempt to highlight how the
ordering of vacancies tailors the band gap energy, even in intermediate compounds
with stoichiometry Gax(Se;«Tex)s.8 As a result, band gaps ranging from 0.6 to 2.4 eV
have been predicted as a function of the exchanged-correlation functional employed.
The different works focused on the HP behaviour of Ga,Ses and Ga,Tes will be shown
and discussed in section 2.4. of Chapter 2.
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The last members of these sesquichalcogenides concern those with In cations. Among
all the phases observed within the chemical formula In,Ss;, the B and a phases (see
Table 3) are the most promising. The former, which is stable at RC, has been
intensively studied as a thermoelectric material,?”> % gas sensor,3" % photocatalyst,’®
91 solar cell absorber,” optoelectronic devices,”® and water splitting, inter alia. Due to
the presence of vacancies, B-In,S; has attracted enormous attention for the inclusion
of other cations in the empty spaces of its structure. Sm*3, Dy"3, and Tb"3 cations can
induce ferromagnetism effects demanded for spintronic, magnetic, and memory
storage devices;>* % Tm" cations can improve photoelectric and luminescent
properties for photovoltaic, photoelectric, and sensors applications;*® finally,
Cu*?/Mn'*? cations allow tailoring the electrical conductivity and making this material
suitable for photocatalytic applications.®” Other phases of In,S; can be obtained at HT

(y) or at HP and HT (¢).

According to its phase diagram, B-In,S; undergoes a PT to a-In,S; at about 420°C,%"
88,98 and this HT phase can be obtained at RC via varying In/S ratio or cation/anion
substitution.?”> *% 1% This result has stimulated the tailoring of its high anisotropic
properties due to the intrinsic mixture of In atoms and vacancies in cation sites, being
observed that o-In,S; offers excellent features for photovoltaics applications,!"!
thermoelectric devices,?® 1% and solar cells.*® %193 In relation to the phases observed
at HP in In,S3, they will be shown and discussed in section 2.3. of Chapter 2.

Table 3. Phases found in literature of In2X3 (X =S, Se, Te) sesquichalcogenides. Vac.
indicates if vacancies are ordered (O) or disordered (D). The P,T column refers to
conditions under which the phases have been observed. More information is given in
the footnote.

Phase P.T S.(o}. Struc. Crystal Lattice Ref.
(n°) type system parameters
In,S; B-In,S; RC 14,/amd B-In,S;3 Tetragonal a=b= 98, 104-
©) (141) 761 A, 106
c=3224 A
0-In,S;* 420 °C, Fd-3m DS Cubic a=1072 A 87, 88,
(D) RC 227) 9
y-In,S5? 1090 P-3ml v-In,S; Trigonal a=b= 98,107,
(D) °C, (164) 3.87 A, 108
RC c=9.16 A
&-In,S;? 3.5 R-3c¢ a-ALOs Trigonal a=b= 109
©) GPa, (167) 6.56 A,
500 °C c=1757A
In>Se; a-In,Se; RC R3m a-In,Se; Rhombohedral a=b= 110, 111
(3R) (0) (160) (R) 4.05 A,
c=28.77A
a-In,Se;® RC P63/mmc a-In,Se; Hexagonal a=b= 12,113
(2H) (O) (194) (2H) 4.03 A,
c=1924 A
B-In,Ses 200 °C, R3m o-Bi,Te; Rhombohedral a=b= 110, 114
(R) (0) RC (166) 4.00 A,
¢ =28.40A
B-In,Ses* | 200°C, | P6s/mmc B-In,Ses Hexagonal a=b= 110, 114
(2H) (O) RC (194) (2H) 4.02 A,
c=19.22A
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B'-In,Ses™* -196 C2/m B'-In,Se; Monoclinic a=6.94A, 115117
0) °C, (12) b=4.02A,
RC c=1021A,
B=10330°
v-In;Se; 520 °C, P6, a-ALS; Hexagonal a=b= 118, 119
(©) RC (169) 7.13 A,
c=19.38 A
8-In,Se; 730 °C, P-3ml Ta,S,C Trigonal a=b= 114,120
(©) RC (164) 402 A,
c=9.65A
o'-In,Se;¢ -125°C ? 9 9 9 121, 122
@
In,Te; a-I-In, Tes® RC F-43m Defective Cubic a=1850A | 1214
©) (216) anti
fluorite
o-1I-In, Tes® RC Imm?2 a-II- Tetragonal a=436A, 125,126
(®) (44 In;Te; b=13.02 A,
c=6.17A
B-In,Te; 625°C F-43m Dz Cubic 4-6.16 A 123,127
(D) (216)

*RC= room conditions, S.G.= space group, DS = defective spinel, DZ = defective zincblende.

21t can be synthetised at RC depending on temperature, In/X (X = S, Se, Te) ratios or adding other
cations/anions.

® (3R) and (2H) polymorphs differ in the stacking sequence of B and X layers, in thombohedral and
hexagonal crystal structure, respectively. Only a(3R) and B(3R)-In,Se; will be discussed in the text.

¢ B'-In,Se; can be obtained at RC or cooling thin samples or very few layers of B-In,Ses.

4No more information about this phase is given in the references mentioned.

¢There are two a phase mainly influenced by a non-exact stoichiometric In,Te; chemical formula. The most
common is the a-I-In,Te;.

Among all the sesquichalcogenides considered in this section, it can be said that In,Ses
is the most fascinating compound, in terms of how many publications have been
published over the last decades, according to the promising applications in which this
material can be used. In,Ses offers several phases in which vacancies are displayed in
layers, giving rise to 2D layered structures. Except for the 2D layered a-Al,Tes
structure, all 2D layered phases found in this family of sesquichacogenides are
exclusively found in In,Ses. For the sake of brevity, we will focus on the a(3R)- and
B(3R)-In,Ses phases, the most explored in literature (for now, we will refer them as o
and B-In,Ses, respectively; further information in Table 3). More details concerning
the other phases of In,Se; can be found in earlier works. ! 121,128,129 While q-In,Ses
is the stable phase at RC, B-In,Se; is obtained at HT (see Table 3). However, as
stressed in other sesquichalcogenides, HT phases can be obtained at RC by several
synthesis methods. Both phases of In,Se; have attracted attention in modulating
between them and enhancing their inherent properties. The a- and f-In,Se; encompass
a broad range of applications: phase change memories,!**!3? gas sensor,!3?
neuromorphic systems,'3* photosensitive devices,'3 catalysis,'3® polarization-
dependent optical properties,'¥” photodetectors,'3" 138 inter alia. The former, a 2D
ferroelectric phase, and the latter, a 2D paraelectric phase, stand out for their different
properties because of their polar (a-In,Ses) and non-polar (B-In.Ses) point groups.

Piezoelectricity and ferroelectricity have been extensively examined in a-In,Ses, %
140 meanwhile B-In,Se; has been proposed as a topological insulator for sharing the
same tetradymite-like structure with well-known topological insulators, as Bi,Tes,
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Sb,Te; and Bi,Se;.141> 142 Other phases of In,Se; are obtained at LT (o’ and B’) or at
HT (y and 8).12¢12° Again, all earlier articles related to the HP behaviour of In,Ses will
be shown and discussed in section 2.1. of Chapter 2.

The heaviest sesquichalcogenide of the In, X3 family, In,Tes, has not received as much
attention as In,Ses. The high number of citations devoted to In,Te; mainly propose it
for applications, such as phase-change random access memory,'** photodetector,'#4
and gas sensor.' Very recently, relevant magnetoresistance properties have been
measured in a-I-In;Te; that also shows a high stability in ambient air at RC.1#¢ Above

625 °C, a-I-In;Te; changes to B-In,Tes, which melts congruently at about 670 °C.147
148

To guide the reader, I have plotted in Fig. 1 the different structures observed in this
above commented family. As mentioned in Tables 1, 2, and 3, vacancies can be found
either ordered o disordered in the different structures. Such ordering can be in many
forms. For instance, vacancies can form a helix (see Figs. 1a), 1b), and 1c)). With
tetrahedrally-coordinated cations, 0-Al,S3 adopts a structure with S.G. P6, (Fig. 1a))
at RC, while y-In,Se; does so at HT. With octahedrally-coordinated cations, the
structure with S.G. R-3¢ (Fig. 1b)) is found at HT in both y-Al,S; and &-In,S3, at RC
and at HP, respectively. With both tetrahedrally- and octahedrally-coordinated
cations, B-In,S; crystallizes in a structure with S.G. /41/amd (Fig. 1¢)) at RC. This
structure is also obtained in 8-Al,S; at HT and HP. On the other hand, vacancies can
form straight lines (see Figs. 1d) and 1e)). This feature has only been observed at RC.
The structure with S.G. Cc (Fig. 1d)) has been found in a-Al>Se;3, a’-Ga,S3, and mono-
B-GasSes, while the structure with S.G. Imm2 (Figure 1e)), has been observed in
ortho-B-GasSe;, mono-0-Ga,Tes, and a-II-In,Tes, respectively.

The vacancies can also be in layers, thus giving rise to 2D layered structures (see Figs.
1f), 1g), 1h), 1i) and 1j)). Figures 1f), 1g) and 1h) display the structures of a-In,Se;
(S.G. R3m), B-In»Ses (S.G. R-3m) and B’-In,Ses (S.G. C2/m), respectively. The former
shows both tetrahedrally- and octahedrally-coordinated cations, while the B and f’
phases show only octahedrally-coordinated cations. On the other hand, Figures 1i)
and 1j) show the layered structures only found in a-Al;Tes (S.G. P2,/c), at RC, and &-
In,Se; (S.G. P-3m1), at HT, with tetrahedrally- and octahedrally-coordinated cations,
respectively. Finally, vacancies can be disordered in cation sites (see Figs. 1k), 11),
1m), 1n), and 10)). The vacancy fraction occupation of 1/3 can be found in all cation
sites, as shown in the DZ (S.G. Fd-3m) and DW (S.G. P63/mc) structures (Figs. 1k)
and 11), respectively) with tetrahedrally-coordinated cations. As can be seen in Table
1, 2 and 3, DZ structures are mainly found in Ga,X; sesquichalcogenides at HT (X =
S, Se) and at RC (X = Te), as well as in B-In,Te; at HT. Meanwhile, DW structures
are seen in ALX; sesquichalcogenides at HT (X = S, Se) and at RC (X = Te) as well
as in B-Ga,S3 at HT. Tetrahedrally and octahedrally-coordinated cations are found in
the DS structure (S.G. Fd-3m, Fig. 1m)) observed in AlLX; sesquichalcogenides at HT
and HP (X' =S, Se) as well as in a’-In,S3 at HT. In all these structures (DZ, DW, and
DS), cation-vacancy disorder occurs only in tetrahedral cation sites. However, there
are less common structures in which the vacancies are distributed among cation sites
with different coordination numbers. As an example, this can be found in y-In,Ss (s.g.
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P-3m1, Fig. 1n)) and in a-Ga,S; (s.g. P61, Fig. 10)), both at HT, the former with both
tetrahedral and octahedral cations, the later with just tetrahedral cations.

In short, this B,X3 sesquichalcogenides, that are OVCs because of the presence of
intrinsic vacancies in their crystallographic structures, can be synthesized in several
structures. The structures observed at RC and at HT have been shown schematically,
standing out how vacancies can be best positioned to tailor their properties. At this
moment, several questions arise: how can these structures and their properties be
changed at HP? Could we obtain completely different phases at HP? How relevant are
the PTs observed at HP? In the next we are going to explore this magnificent field of
the solid-state physics.

Figure 1. Structures found at RC or HT in B2X3 sesquichalcogenides: a) S.G. P61; b)
S.G. R-3¢; ¢) S.G. I41/amd; d) S.G. Cc; e) S.G. Imm2; f) S.G. R3m; g) S.G. R-3m; h)
S.G. C2m; 1) S.G. P21/c; j) S.G. P-3m1; k) S.G. F-43m; 1) S.G. P63/mc; m) S.G. Fd-3m;
n) S.G. P-3m1; 0) S.G. P61. As can be seen, vacancies are arranged in many ways: a)-
¢) helixes, d)-e) straight lines, f)-j) layers and k)-0) disordered in cation sites. Personal
compilation.
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2. HIGH PRESSURE STUDIES: WHY IS RELEVANT TO STUDY
THE MATTER UNDER EXTREME CONDITIONS?

How much pressure can be considered as HP? Several definitions can be obtained by
reading some sources. Here I give just a few:

“...it is worthwhile to think for a moment about the definition of the term “high”
pressure...from superhard materials like diamond and boron nitride, through metals,
molecular solids, to living organisms...” Ref. 149.

““high” implies conditions that produce some extraordinary (not found at “normal”,
ambient conditions) effects or behavior for the given object of study.” Ref. 149.

“If one asks for a definition of high pressure (HP), the answer will certainly depend
on the scientific environment... physics, chemistry, materials science, geophysics,
biology, or food technology...” Ref. 150.

“Among our scientific community, there is a certain agreement in that HP refer to the
study of those phenomena occurring above 1000 bar (1 kbar). Other terms like “ultra
high pressure” were coined to refer to phenomena involving pressures above 1000000
bar (1 Mbar).” Ref. 150.

We can conclude that the term “HP” depends on which materials and science fields
are involved or how high the pressures achieved. To get an idea about what pressures
we can handle, Fig. 2 depicts the pressure ranges that can be found in our universe,
from the almost vacuum in the Milky Way galaxy (=102* GPa, 102° atm) to the
highest pressure calculated in the proton center (<10% GPa, 10°* atm).!s!

Meycury Earth surface Fenping
surface Absolute popcorn  Earthinner core

threshold of
hearing

White dwarfs
centre

Proton
centre

Milky Way galaxy

GPa 10 10%* 10% 10* 10* 10% 10° 10® 102 108 10Y 10% 10® 102  10%  10%

atm 10® 102 10% 10% 10% 10° 102 10° 10° 10® 10% 10%® 10% 0% 10%  10%

Figure 2. Pressure ranges existing in our universe. Personal compilation.

Pressure, P, is a thermodynamic parameter that measures how much force, F, is
exerted upon an area, A, P = F/A. The higher the force or lesser the area, the higher
the resulting pressure. When pressure is applied at every point of the volume sample
(solid, liquid, or gas), we talk about hydrostatic pressure since it is exerted equally in
all points of the sample. Pressure and temperature can be compared in the way that
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both alter the sample volume, the former decreasing it (via merely decreasing lattice
parameters) and the latter increasing it (via thermal expansion and phonon population
effects). As Weistein genuinely exemplifies in Ref. 152, 100 kbar of pressure (very
casily attainable) in Si yields a volume decrease of 5%. In contrast, only a volume
increase of 1.8% is induced from 0 K up to the melting point (at 1687 K).

Tools for exerting HP on a sample have evolved since the first designs released by P.
W. Bridgman, considered the father of HP, who was awarded the Nobel Prize Physics
in 1946. In total, Bridgman published about 200 papers between 1906 and 1961 on
the properties of materials under compression. These publications involved resistivity
and compressibility measurements at HP, and covered many phenomena from the
pressure dependence of the resistance of a number of metals'*® to the study of the
phase diagram of water,'* up to 4.4 and 9.8 GPa, respectively. Figure 3a) shows the
opposed anvil used for resistivity measurements at HP employed by Bridgman,'s?
commonly known as Bridgman anvil. After Bridgman, H. G. Drickamer can also be
considered a pioneer in the field of HP, mostly in the study of molecular, atomic, and
electronic properties of materials under compression. Drickamer first received the
Bridgman Award by the International Association for the Advancement of High
Pressure Science and Technology (AIRAPT) in 1977 for his improved HP
instrumentation in many spectroscopic and non-spectroscopic techniques. We can
visualize in Figs. 3b) and 3c¢) a piston-cylinder cell designed for X-ray diffraction
(XRD) measurements'™ and an adapted Bridgman anvil for Mdssbauer
measurements, ' respectively, both conceived by Drickamer.

a)
\ | ——
_____,—-‘);z\
Steel binding rings Carboloy anvil

n
d) || .
c) arboloy Piston ) [ [:Zsm BS‘&S\,‘@E_ .
&f teel Jacket | L wmw‘(nmimj
i N |
N

- by o A

To Current Source

/Hemng Tape

| _Steel Cell Guide
%) Zt\/

Figure 3. HP devices with a), ¢) carboloy anvils and b) pistons. d) Design of the first
DAC. Personal compilation.

These first designs of opposing anvils, amid others, have in common the use of
carboloy or tungsten carbide as anvil material, not hard enough to reach HP.

13
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Moreover, such anvils did not allow an in-situ observation of the pressure effects on
the sample. At that time, H. T. Hall produced, for the first time, synthetic diamonds
using iron sulfide and graphite at 1200°C and 10 GPa in his own-designed pressure
chamber.'s” This yielded to the first HP tool with diamonds as anvils, the diamond
anvil cell (DAC) (Fig. 3d)), designed by C.E. Weir, E. R. Lippincott, A.V.
Valkenburg and E.N. Bunting at the National Bureau of Standards in 1959.158 The
introduction of a metallic gasket allowed the sample to be held in a hole, where a
pressure sensor was also placed, both surrounded with different pressure transmitting
media (PTM). Since then, many types of DACs have been released, raising several
advantages in comparison to the first designs (Fig. 3). First, the feasibility to access
to the sample by means of optical and spectroscopic techniques. Second, an optical
microscope that allows in-situ observation and photography. Third, the use of metallic
gaskets that reduce the stress gradient in the sample. Fourth, solid, liquid and gas
samples can be studied due to these metallic gaskets. Finally, small quantities of
samples are enough to run any HP experiment.!#% 150

Commercial and home-made DACs are adapted to pressure ranges up to 3 Mbar (even
higher). They can cover low temperatures (down to 4 K) or HT (with resistive heating
up to 1000 K or laser heating from 1000 K to 5000 K) and are accessible with many
optic and spectroscopic techniques. DACs can be tailored to different techniques and
environments with the materials used to build the DAC, the types and sizes of
diamonds used; and the dimensions of the DAC. Brands as BETSA and Almax-
easyLab offer an extensive catalogue of DACs according to the experiment
requirements (the reader is referred to the official webs of these brands). Figure 4
displays a few DACs commonly employed in ALBA synchrotron.

a) '

i

Figure 4. Types of DACs commonly used in HP-XRD experiments: a) MDAC-XRD,
b) MDAC-TBT, c) screw-driven Boehler-Almax DAC. Photons taken in high-pressure
lab of ALBA synchrotron.
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Figure 4a) shows a membrane DAC (MDAC) for HP-XRD measurements (MDAC-
XRD). Depending on the culet of the diamonds, up to 100 GPa can be achieved. It
offers a full and radial angle aperture of 76° and 20° respectively, and can be
accessible via visible electromagnetic spectrum and X-rays above 10 keV. For HP
experiments to be conducted at temperatures from room temperature (RT) to 10 K, a
MDAC-TBT (showed in Fig. 4b)) is most suitable, which is built with super alloys
and tungsten carbide seats. Depending on the diamonds, XRD, Raman scattering (RS)
and infrared (IR) absorption techniques can be coupled. Finally, Fig. 4¢) shows a
Boehler-Almax screw-driven DAC with a large aperture (up to 85°), required for HP-
XRD measurements with large 20 ranges.

The DAC and other cells, such as large volume and piston-cylinder cells, are used to
generate static pressures. In Fig. 5 we can observe the ranges of pressure and
temperature covered by these static pressure devices. Dynamic pressures are
generated by shock waves (via explosives, a gun or pulsed lasers) and are employed
to chance not only pressure, but also temperature, density and particle velocity, in a
very short time period. Under such conditions, dynamic material properties can be
evaluated: stress-strain, elastic constants, and dynamic fracture, amid others.!4% 15

10000

g
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g RS Dynamic
g Anvil Cell
= 4000
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Piston-cylinder

300 400 500 600
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Figure 5. Types of DACs commonly used in HP experiments. Photons taken in high-
pressure lab of ALBA synchrotron. Personal compilation.

Numerous intriguing materials have been discovered thanks to the release of new HP
devices. This is possible because HP leads to structural changes in bond lengths and
bond angles. In this way, changes in coordination number, electron density, cationic
and anionic radius, bond breaking/formation and bond strength can be induced, which
may also result in the occurrence of PTs. Relevant findings in HP field can be
enumerated almost indefinitely. For the sake of brevity, Table 4 gathers the main
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findings, which serve as a brief overview of what HP can offer us, as an exploitable
landscape to seek materials with tailored and novel properties.

Table 4. Relevant findings in HP field.

Topic Description Ref.
Chemical bonding Stabilization under HP of a new chemical bonding, 159-163
known as metavalent bonding, recently proposed at RC.
Low-Z compounds Exploration of water phase diagram, up to 15 164
polymorphs.
Discovering of superionic water ice phase by laser- 165
driven shock waves between 100-400 GPa and 1700-
2700 °C.
Single-bonded cubic form of nitrogen, above 100 GPa 166
and 1700 °C using a laser-heated diamond cell.

Metallization of Ha above 400 GPa and -190 °C 167, 168

Electrides Synthesis of electride phase of Na at about 200 GPa. 169

Synthesis of electride phase of Li at about 80 GPa 170

Noble gas compounds Synthesis of Xe(N2)2-I and II-phases at HP and HT. 17

Syntheis of NiAr at 140 GPa assisted by laser heating. 172

Synthesis of As4Qs:2He at HP, above 3 GPa. 173

Superconductivity Superconductivity in HsS at 155 GPa and -70 °C 174

Superconductivity in HsS at 182 GPa and -10 °C 175

Super hard materials Synthesis of the hardest and strongest amorphous 176

material, which can scratch diamond, at 25 GPa and
1200 °C.
Unexpected Stabilization of NaCls and Na3Cl stoichiometries at 60 177
stoichiometries GPa.
2D materials Discovering of van der Waals (PH3)2H2 compound at 178
1.2 GPa and 1000 K.
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3. EXPERIMENTAL METHODS

In this section, I will present the experimental techniques coupled to the DACs that
are mainly employed in this thesis: XRD and RS. As other techniques used at extreme
conditions, both have extensively probed their relevant performance to follow in-situ
the structural and vibrational changes induced at HP, respectively. After that, I will
show more details about the methodology followed to use DACs.

3.1.Diamond anvil cell (DAC)

The use of DACs requires a specific methodology, which can vary depending on the
experimental technique. A schematic view of a DAC is depicted in Fig. 6 (taken from
Ref. 179).

High Pressure Chamber

sample

Figure 6. a) Design of the DAC. A gasket with a perforated hole is squeezed between
the two diamonds. b) View of the chamber containing the sample, the pressure
transmitting medium (PTM) and the pressure sensor (usually ruby and a metal, like
copper, were used for HP-RS and HP-XRD measurements, respectively). ¢) Example
of a loaded DAC. Figure taken from Ref. 179.

To keep hydrostatic pressure, a centered hole is made in the gasket, which acts as
a chamber, typically with 40-30 pm and 100 pm of pre-indentation thickness and
diameter, respectively, for a 300 um of diamond culet. Once the gasket is
perforated, it is placed in the bottom diamond and loaded with the sample, the
PTM and the pressure sensor. Depending on the technique, the pressure sensor can
be different. After that, the piston with the upper diamond is closed with a screwed
tap. Pistons with membranes (membrane-type DACs, showed in Fig. 4a) and 4b))
allows the DAC to be pressed via filling it with He. For further information
regarding the parameters to be considered for preparing gaskets and DACs, the
reader is referred to Ref. 180.
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3.2. Raman spectroscopy (RS)

RS is an optical technique that exploits the inelastic scattering of light by matter that
is perturbed by radiation. In this technique, an incident light ray of monochromatic
frequency v, encounters matter, scattering the incident light. The major of this
scattered light propagates at the same frequency of the incident light, v,, named Mie
or Rayleigh scattering. In contrast, what is known as Raman scattering is inelastically
emitted and is at least 6 orders of magnitude weaker than elastic scattering. There are
two types of inelastic light scattering: scattering of optical phonons (RS) and
scattering of acoustic phonons (Brillouin scattering). In both cases, scattered light can
be observed with downshifted (v&=v,-vvib) and upshifted (vs=v,tv.ib) frequencies,
where vyip corresponds to the frequency of the materials phonon or vibration. The
downshifted value is named as Stokes scattering and the upshifted value as anti-Stokes
scattering. Fig. 7 shows the characteristic types of scattering mentioned.

\ )\‘0 2 )‘Vib
" scattering
M

scattering

Ao + i
Anti-Stokes
scattering

Figure 7. Incident and scattered lights in RS process. Personal compilation.

What we observe by means of RS corresponds to the transitions between vibrational
levels. Let’s look to Fig. 8. Before being irradiated, the electron in the sample is in
the electronic ground state (So). After being irradiated, the photon is absorbed and can
promote the electron to a real (S) state (resonant RS) or virtual excited state (non-
resonant RS). Each energy state is divided in several vibrational states. Now, let’s
assume that after being irradiated the electron promotes to a virtual state (between So
and S; for a short time), as a result from the distortion of the electron cloud around
the nuclei. After that, the electron can relax back to the ground state by emitting a
photon (scattered light that is measured in RS). This scattered light can be downshifted
in frequency, giving rise to Stokes scattering, if the electron that comes back to the
ground state has a higher vibrational energy than before being irradiated (Fig. 8a)).
By contrast, the scattered light can be upshifted in frequency, anti-Stokes scattering,
if the electron that comes back to the ground state has a smaller vibrational energy
than before being irradiated (Fig. 8b)). Unlike both inelastic scattering, in Rayleigh
scattering the electron relaxes to the ground state, at the same vibrational state as was
before, after promoting to the virtual state (Fig. 8c)).
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Figure 8. Electronic (So and S1) energy levels and their corresponding vibrational
energy levels involved in a) Stokes, b) anti-Stokes and c¢) Rayleigh scattering.
Personal compilation.

With inelastic scattering we can determine in solids the energy of the mechanical
waves, which propagate along the lattice. In quantum mechanics, these waves are
referred as phonons. They are responsible for many phenomena as the speed of sound,
heat transfer within solids, anharmonicity, thermodynamic properties, electron-
phonon coupling, and for exotic properties as superconductivity. Within periodic
solids, phonons not only have energy (or equivalently frequency or wavenumber) but
also have momentum, given by the wavevector (q) which depends on its location in
the Brillouin zone (BZ). Therefore, all the combinations of energy levels and momenta
give rise to the phonon dispersion curves in solids. Considering N atoms per primitive
cell, 3N branches depending on q are defined in the first BZ. Three of them are
acoustical, with =0 at the zone center (k=0), one of them longitudinal (vibration and
displacement of the atoms in the same direction) and two transverse (vibration and
displacement of the atoms in perpendicular directions). The rest of the 3N-3 branches
are optical, with nonzero frequencies throughout the BZ, discerning again between
longitudinal and transverse branches.

As an example, phonon dispersion curves of Si is shown in Fig. 9.8 Because in RS
the wavevector of incident, k,, and scattered light, ks, are in opposite direction with
equal module, optical phonons measured with RS are limited to the zone center (I
point) of the BZ. For the case of Si, only one optical phonon at the I" point above 15
THz (more precisely at 520 cm™) can be measured via RS (see Fig. 9). Acoustic
phonons at the I" point have zero frequency. Far from the I" point, acoustic phonons
do not have nonzero frequencies anymore and become nondegenerate, splitting in
longitudinal and transverse branches (TA and LA modes) that can be measured by
Brillouin spectroscopy. In the same way, the optical phonons split in longitudinal and
transverse branches (TO and LO modes). To explore the rest of the phonon dispersion
curves, inelastic neutron scattering (INS) or inelastic X-ray scattering (IXS)
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techniques are required, where k, and ks have considerable different directions or
modules. Further information about RS can be found elsewhere.!31-184

T A X K ¥ T A L

Figure 9. Phonon dispersion for Si at RC. Black circles refer to experimental
measurements from neutron scattering. Black lines show a fitted model. Arrows show
the frequency shift as a function of pressure. Figure taken from Ref. 181.

The effects of pressure in phonons and the details of HP-RS measurements can be
found in Ref. 185. They can be exemplified with the phonon dispersion curves of Si.
The frequency phonons upshift (downshift) as pressure increases because of the
shortening (lengthening) of the bond lengths. Both cases can be observed at any high
symmetry point throughout the BZ. Frequency upshift of phonons are the most
common feature,'86 while frequency downshift reflects incipient PTs to other crystal
system.' It can be said that RS offers a fingerprint of the phase under study, where
not only vibrational properties are present, but also structural and chemical properties
are involved.

The major of unpolarized RC-RS and HP-RS measurements have been performed at
the Universitat Politécnica de Valéncia (UPV). The experimental setup employed is
depicted in Fig. 10.

—~

o

LTI

Figure 10. RS equipment used at UPV.
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This equipment is composed of a 800 mm focal length LabRAM HR UV Raman
microspectrometer (from HORIBA JobinYvon company) that has a coupled Olympus
BX41 confocal microscope to focus the light onto the sample, located inside the
chamber, through the diamonds, and collect the scattered light in backscattering
geometry. The system has two thermoelectrically-cooled multichannel CCD detectors
(a normal and a EM-CCD) allowing a resolution better than 2 cm™. To get a good
signal-to-noise ratio in RS measurements, a high intensity, highly monochromatic
light source is required, as gas lasers and current solid-state lasers offer. The system
has several coupled lasers with five laser lines: i) a gas He:Ne laser (632.8 nm); ii) a
gas He:Cd laser (325.0 and 442.0 nm); and iii) two solid-state lasers (532.1 nm and
785.0 nm). Edge filters and ULF filters (632.8 nm) are used to block the laser line by
adjusting the angle between the filter and the laser, allowing RS spectra (usually
Raman Stokes) above 10 to 30 cm™'. Frequencies, intensities, and linewidths of Raman
phonons are obtained by fitting Raman modes with Voigt profiles that have a fixed
Gaussian linewidth to the experimental setup resolution (typically around 1.6 cm™').18%
189 Ruby fluorescence scale is typically used to determine the pressure inside the
chamber.!®

3.3. X-ray diffraction (XRD)

XRD is a technique based on the constructive and destructive interference between
the X-ray waves scattered by the atomic lattice planes in matter. Let’s look to Fig. 11
(figure taken from Ref. 191). The incident X-ray beam is elastically scattered for the
different Akl planes, which could be seen as mirrors. While the waves of the incident
beam are emitted in phase, those from the diffracted beam interact between them,
yielding constructive or destructive interference. Whether it is constructive or
destructive will depend on the angle (0) of the incident X-rays. In real space, Bragg’s
law corresponds to 2dy,;sin (0) = nA, which stablishes 0, the Bragg angle, that yields
a constructive interference at a given wavelength (A) of the incident X-ray beam for
an interplanar space between a set of 4/ planes (duwa) and an integer (n). Interference
will be observed if the dimensions of A and dpy are comparable.

incident s di;fracted
eam

- - -

Figure 11. Bragg’s law in real space. Figure taken from Ref. 191.
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Another way to see the X-ray diffraction phenomenon can be seen in the reciprocal
space via Ewald’s sphere (Figure 12).
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Figure 12. Ewald sphere in reciprocal space. Personal compilation.

Let’s consider the wavevectors of the incident and diffracted beams, k, and ks. Since
the diffracted beams are scattered elastically, |k,| = |ks| = 1/A, thus incident and
diffracted beams form a sphere, the Ewald’s sphere. Centered in the crystal position,
diffraction occurs in those points where the Ewald’s sphere touches a point of the
reciprocal lattice. By definition, each dwa™ vector has as module 1/dyy;, from the
relation between reciprocal and real spaces. Geometry stablishes that, if we take the
triangle delimited by the points A, X, and Y, sin(8) = (1/dyx;)(2/A). Rearranged,
the Bragg’s law is recovered. With this construction it is easy to find at which 26
refracted beams are located (in our Ewald’s sphere in Fig. 12, two diffracted beams
are found at 20! and 2602 angles). To access to more points in the reciprocal lattice,
crystal orientation or A should be modified.

The Ewald’s sphere, as is shown in Fig. 12, assumes a perfect crystal. This view
totally changes with powder samples. In such situation, an ideal powder should
contain crystallites in all possible orientations. Each set of 4kl planes will give rise to
a cone of diffraction, a Debye ring (Fig. 13a), taken from Ref. 192). In this way, many
Debye rings for each set of 4kl planes in the reciprocal space ((Figure 13b), taken
from Ref. 193) are observed, instead of points. At this point, we will be referring to
powder X-ray diffraction (PXRD), because it is the diffraction technique used in this
thesis. Further information about PXRD can be found elsewhere,!%% 194-196

X-rays can be generated by two methods. The most common way to generate X-rays
is done in laboratory diffractometers, by ionization of inner shell electrons of certain
metals, followed by their relaxation from upper shells, releasing X-rays of specific
wavelengths. On the other hand, the method used for HP-XRD experiments, carried
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out in synchrotrons, is that X-rays are obtained from the Bremsstrahlung radiation of
accelerated electrons travelling at relativistic velocities in storage rings.

b)

incident
X-ray beam

diffracted

“DEBYE RING”
of diffraction

Figure 13. a) Scheme of a Debye ring from a powder sample. b) Diffraction image of
CeO:z standard powder measured at APS 11-ID-C. Figures taken from Ref. 192 and
193, respectively.

DACs employed in HP-XRD measurements are of the same kind as those used in
optical measurements at HP, but the high absorption of diamond below 10 keV
constraints HP-XRD to energies not typically available in laboratory diffractometers
but easily obtained in synchrotron facilities. This can be tailored by the reduction of
diamond thickness, as is exemplified in Fig. 14, taken from Ref. 197. The smaller is

the diamond thickness, the lesser is the X-ray absorption.
1.0 I I I I

Transmission

| | 1
8 10 12 14

Energy (keV)
Figure 14. Comparative of X-ray transmission simulated for several diamond and Be
thickness at different X-ray energies. Figure taken from Ref. 197.
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The unique features that synchrotron radiation (SR) offers are: a high intensity, a
highly narrow collimation, a continuous and very broad spectral range (from IR up to
hard X-ray radiation), a high degree of polarization, a high brightness (large flux
within a small solid angle), a pulse time structure and a high beam stability. Extensive
information about the bounties of SR can be found in many updated books.!%%-201

All the HP-XRD measurements of this thesis were carried out in ALBA Synchrotron
(schematic view in Fig. 15, taken from ALBA Synchrotron website??). As other
synchrotrons spread worldwide, ALBA Synchrotron has an electron gun (1) of
tungsten impregnated of BaO that is heated to produce electrons a high energy (90000
eV). These electrons are accelerated in the linear accelerator, LINAC, (2), reaching
energies up to 100 MeV. Then, they are transferred to the Booster synchrotron, where
again are accelerated up to 3.0 GeV (3), reaching the 99.9999985% of the speed of
light. Finally, these accelerated electrons pass to the storage ring (4). Thanks to the
sequence of basic cells, based on two bending magnets and quadrupoles, their speed
and energy is maintained. More details concerning the abovementioned accelerators
can be consulted in the ALBA Synchrotron website.2%?

THE ALBA SYNCHROTRON

research Meremolecule

Figure 15. Schematic view of ALBA Synchrotron. Figure taken from ALBA
Synchrotron website.2%2

When the trajectory of these relativistic electrons is bent, SR is emitted and conducted
to the different beamlines via insertion devices (undulators or wigglers) and then
modulated in their respective optical hutchs with a double crystal monochromator. In
each beamline, SR is tailored according to the requirements of the experiments to be
carried out. In total, we can find in ALBA synchrotron (Fig. 15) up to 14 beamlines,
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10 operating and 4 in the construction stages. In particular, the HP-XRD
measurements are accomplished at the HP endstation, located in the experimental

hutch of the BL0O4 MSPD beamline (Fig. 16).

= =

e}

Figure 16. View of HP endstation of the experimental hutch in the BL04 MSPD
beamline of ALBA Synchrotron.

A more detailed view is depicted in Figure 17. Two beryllium windows (Fig.
17a)) act as a barrier, separating the optical instruments of the optical hutch (under
ultra-high vacuum) from the ambient pressure. In this part, beryllium windows are
employed to protect the optical instruments of the optical hutch from the room
light of the experimental hutch. The X-ray beam for MSPD beamline can be
modulated from 8 to 50 keV. To adapt this energy, a few stripes are used.
Considering the uncoated Si substrate, other two stripes of Rh and Pt are placed,
which work as energy cut off at about 15 keV, 33 keV, and 41 keV, respectively.
The fast shutter is open and closed to allow the beam to pass and slits define its
size and remove spurious beam scattered from the optical instruments. After this
section, Kirkpatrick-Baez (KB) mirrors (Fig. 17b)) are placed, which focus the
beam down to a dozen micron spot (20 x 20 um?). KB mirrors are optimized for
30 keV, but ensure a small spot in the 20-50 keV energy range. The smaller the X-
ray spots, the higher the pressures that can be monitored inside DACs.

Figure 17¢) shows the DAC environment. Between the DAC and the KB mirrors,
a collimator with a pin-hole that cleans the beam from spurious scattering is
placed. The sample tower (Fig. 15d)), based on rotation/tilt/translation stages,
allows alignment of very small samples (< 50 um), determine the rotation axis,
and place the sample along the beam. The determination of the rotation axis of the
sample is crucial because the measurements are performed while rotating the DAC
between 5-30°, to ensure good statistics. A CCD X-ray detector, SX165 (Rayonix),
is employed to collect the Debye diffraction ring patterns.
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Figure 17. Detailed view of HP endstation of the experimental hutch in the BL04
MSPD beamline, in ALBA Synchrotron. Main components are marked.

As the DAC support, a detector tower allows to move and rotate the CCD (Fig.
17d)). To prevent damage on the CCD, a beam stop is located after the DAC. The
CCD has a beryllium window to protect it from the room light and the scattered
beam. For HP-XRD, we can employ several pressure gauges: i) the equation of
state (EoS) of metal powders, such as Cu or Au; or ii) the luminescence of rubies,
as in RS measurements. For the last method, a PRL (pressure ruby by
luminescence) spectrometer can be focused on the chamber (Fig. 15¢)). Finally,
to increase/decrease the pressure in the DAC, a compressor with He (Fig. 17e)) is
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connected through a capillary to fill the membrane. Further information about the
MSPD beamline are gathered in Ref. 204 and from ALBA Synchrotron website.2%

4. COMPUTATIONAL SIMULATIONS

Any work devoted to HP field is usually supported by computation simulations. This
support not only reinforce the experimental results, but also allow us to simulate the
pressure behavior of any compound at very HP (sometimes unattainable for technical
reasons), study compounds whose synthesis at RC is not easy, to evaluate certain
properties under HP which cannot be studied experimentally, or to predict PTs
induced by HP. On the other hand, these computational simulations are performed
under certain approximations to tackle with many-body interacting systems. Even
with these approximations, computational simulations based on quantum mechanics
have become a trustworthy for their results very close to experimental ones.

Such calculations involve three steps: a mathematical model for the interaction
between nuclei and electrons in our material, an algorithm to resolve the equations
concerning to this model, and a collection of tools to analyze the outputs obtained. In
quantum mechanics, the time-independent Schrodinger equation stablishes the
relation between the Hamiltonian (H), the wave function (), which describes the
state of system, and its energy (E). This complex equation can be solved given only
the nuclei position and the electron number without any experimental input. These
methods are well-known as ab initio (or first principles) methods. In this way, we can
minimize the energy and forces on the atoms inside our system by optimizing the
nuclei position and lattice parameters, allowing us not only to optimize the geometry,
but also to evaluate energy-depending properties such as EoS, phonon spectra,
chemical properties, etc.

Within the ab initio methods, density functional theory (DFT) has gained popularity
because of its balance between computational cost and accuracy. This method
employs the Kohn-Sham equation, which simplifies calculations, from interacting to
non-interacting electrons. In return, the unknown exchange-correlation energy must
be approximated. DFT allows properties of any system to be determine by using
functionals of the electron density (n). Further explanations about DFT basis and its
use in HP filed can be found in Ref. 206.

Since every simulation compel many specific parameters for each system studied in
this thesis, these parameters will be properly described in each section of Chapter 2.
The main simulations have been performed by Alfonso Mufioz Gonzélez and Placida
Rodriguez Hernandez.
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5. OBJETIVES

The aim of this thesis is to study the pressure behavior of vibrational and structural
properties, with the help of computational simulations, of Ga,S3, In,S3 and In»Ses, as
was mentioned in the section 1.1. The results from these studies have been published
in indexed journals, whose author’s versions are included in this thesis, as sections of
Chapter 2. More specially:

i.  Section 2.1: Vilaplana, R., et al., “Experimental and theoretical studies on
a-In2Se3 at high pressure. Inorganic chemistry, 2018. 57(14): p. 8241-8252.
Citations: 35. Before its publication, I conducted my Final Master Project based
on the results of this study, with the name Vibrational and structural
characterization of In,Se; and its applications (UPV, Alcoy campus, Spain. July
24, 2017). For this work, I was awarded with the best Final Master Project in the
academic year 2016-2017, by the company Flejes Industriales SA. (UPV, Campus
Alcoy, Spain. June 29, 2018). The results were presented in the 55th European
High Pressure Research Group International Meeting (55th EHPRG, Poznan,
Poland. September 3-8, 2017), names Vibrational study of In»Se; under high
pressure (Poster).

ii.  Section 2.2: Gallego-Parra, S., et al., Structural, vibrational and electronic
properties of a’-GazS3 under compression. Physical Chemistry Chemical Physics,
2021. 23(11): p. 6841-6862. Citations: 5. The results were presented in the 56th
EHPRG (Aveiro, Portugal. September 2—7, 2018), names High-pressure Raman
study of ordered-vacancy Ga:S3 (Poster) and the Conference on Science at
Extreme Conditions (CSEC. Edinburg, United Kingdom. July 25-30, 2021),
names Structural, vibrational and electronic properties of o'-GasS; under
compression (Online oral presentation).

iii.  Section 2.3: Gallego-Parra, S., et al., Pressure-induced order—disorder
transitions in f-In:S3: an experimental and theoretical study of structural and
vibrational properties. Physical Chemistry Chemical Physics, 2021. 23(41): p.
23625-23642. Citations: 1. As was extremely well received on the part of the
readers of the journal, the editors select this article to be part of the 2021 PCCP
HOT articles. The results were presented in the 57th EHPRG (Prague, Czech
Republic. September 1-6, 2019), names Experimental and theoretical analyses of
[-In>S3 under compression (Poster), the Higher European Research Course for
Users of Large Experimental Systems (HERCULES, Grenoble, France. March 2-
April 3, 2020), names Study of high-pressure structural behaviour of the [-In:S;
(Poster), the European Materials Research Society Fall Meeting (EMRS.
Strasbourg, France. September 20-23, 2021), names Pressure-induced order-
disorder transitions in f-In,S;: and experimental and theoretical study of
structural and vibrational properties (Online oral presentation), and 56th Course:
Crystallography under extreme conditions (Erice, Italy. June 3-11, 2022), names
Pressure-induced order—disorder transitions in p-In»S3: an experimental and
theoretical study of structural and vibrational properties (Poster). For this last
contribution, I was awarded a poster prize with the best scientific content.
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iv.  Section 2.4: Gallego-Parra, S., et al., High-Pressure Synthesis of - and a-
In2Se3-Like Structures in Ga:S;. Citations: 0. Chemistry of Materials, 2022.
34(13): p. 6068-6086. The results were presented in the 29th Condense Matter
Division (29th CMD. Manchester, United Kingdom. August 21-26. 2022), names
High-Pressure Synthesis of p- and o-In,Ses-Like Structures in GasS3 (Oral
presentation), the X AUSE Conference and V ALBA User's Meeting (Cerdaynola
del Vallés, Spain. September 5-8. 2022), names High pressure structural and
vibrational studies of f- and o-In;Ses-like Ga,S3 (Oral presentation), and 59th
EHPRG (Uppsala, Sweden. September 5-8. 2022), names Synthesis of van der
Waals GasS;3 structures under high pressure (Online oral presentation).

After the different published works are presented in Chapter 2, I will discuss the main
results obtained in each of them in Chapter 3, in individually sections. Then, I will
summarize the main remarks of these works in Chapter 4, considering possible future
studies to further investigate the pressure behaviour of these sesquichalcogenides B»X3
under extreme conditions.
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