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RESUMO

Blocos octaédricos sdo a principal caracteristica geométrica de estruturas relacionadas
a perovskita, e podem sofrer distor¢des pela aplicacdo de campos externos. Muitas propriedades
fisicas, tais como ferroeletricidade, piezoeletricidade, multiferroicidade, e propriedades
fotovoltaicas podem estar relacionadas aos octaedros nessas estruturas. Mudangas nessas
propriedades fisicas podem ser esperadas em condicdes de altas pressoes e altas temperaturas,
uma vez que os deslocamentos dos cations e distor¢des nos octaedros sdo sensiveis a pressao e
temperatura. Portanto, experimentos de alta pressdo/temperatura sdo uma maneira direta e
robusta de explorar as propriedades estruturais, Opticas e ferrdicas de materiais do tipo
perovskita. Nesta tese estudamos vdrias estruturas deste tipo sob condi¢des extremas de pressao
e temperatura. Dois grupos de perovskitas foram estudadas, materiais multiferréicos e o
perovskitas de haletos. No grupo dos materiais multiferréicos foram considerados um membro
de quatro camadas da familia Aurivillius (BisFeTi3015 (BFTO)), e uma perovskita quadrupla
(CaMn7012 (CMO)). Apesar do interesse tecnoldgico dos compostos multiferréicos, estudos
reportando a estabilidade estrutural em perovskitas multiferréicas complexas sob pressao
hidrostatica sdo escassos. Esta tese visa preencher esta lacuna de informacodes, investigando as
transi¢Oes de fase induzidas por pressao do BFTO e CMO. Para o BFTO, uma rica sequéncia
de transicoes de fase foi verificada combinando espectroscopia Raman com difragcdo de raios-
X sincrotron de p6. Ambas as técnicas confirmam a existéncia de trés transicdes de fase, e
andlises de strain induzidas pela distor¢do ortorrdmbica nos permitiram inferir a ordem de duas
destas transi¢cdes. Por sua vez, mostramos que o CMO experimenta a0 menos duas transi¢coes

de fase estruturais até 19 Gpa, o que é incomum para perovskitas quadruplas.

No grupo das perovskitas de haleto foram consideradas o composto da fase Ruddlesden-
Popper Cs2Pbl2Clz e a perovskita do tipo 0-D Cs4PbBre. As estruturas de haletos metalicas tem
surgido como o estado-da-arte dos matérias fotovoltaicos, devido as suas extraordindrias
propriedades optoeletronicas, baixo custo e métodos simples de fabricacdo baseados em
solucdes. Medidas de fotoluminescéncia (PL) e Raman Stokes e anti-Stokes dependentes da
temperatura na faixa de (300 - 16 K) foram realizadas para o composto Cs2PbIxClz. Os espectros
Raman ndo revelaram evidencia de transicdo de fase estrutural, entretanto, observamos
caracteristicas de Raman de segunda ordem e uma nova banda PL surgindo em baixas

temperaturas. Andlises da largura de linha da emissdo em fun¢do da temperatura nos permitiram



estabelecer que um forte acoplamento elétron-fonon ainda ndo relatado para este tipo de
perovskitas de halogeneto estd presente na fase Cs2Pbl2Cla. Por fim, discutimos as mudancas
na estrutura e no comportamento da PL de monocristais (SCs) da perovskita OD luminescente
Cs4PbBrs sob condicdes de alta pressdes. A andlise estrutural demonstrou que sua estrutura
passa por duas transi¢cdes de fase em torno de 3,2 e 4,5 GPa. A primeira transicdo de fase
também foi observada em nanocristais, mas a segunda parece ser caracteristica de cristais bulk.
Em nosso (SCs) bulk de CssPbBre a emissao da PL é completamente suprimida em 3,5 GPa,
indicando que nessa estrutura a fase de alta pressdo (monoclinica) ndo produz uma condi¢do
favordvel para o fendmeno da PL. Alinhado com os outros estudos de sistemas de perovskitas
0D sob condic¢des de alta pressao, a PL. do nosso sistema é muito semelhante ao relatado para o
composto Cs3Bizls. Propomos que a PL dos SCs luminescentes de Cs4PbBre possam estar
associadas com a distribui¢do de diferentes tamanhos de quantum dots ou nanocristais (NCs)
de CsPbBr; incorporados no CssPbBrs. Nossas descobertas fornecem informagdes valiosas
sobre 0 mecanismo de luminescéncia, fazendo incursOes significativas na origem da
fotoluminescéncia na regido do verde, compreendendo e lancando luz sobre as caracteristicas

estruturais e propriedades de PL dos cristais luminosos de CssPbBre sob condi¢des extremas.

Palavras-chave: Compostos multiferrdicos, Perovskitas de haleto, Fase Ruddlesden-Popper,

Transi¢des de fase estrutural, Acoplamento elétron-fonon.



ABSTRACT

Octahedra blocks are the main geometrical features of perovskite-related structures and
can undergo distortions by application of external fields. Many physical properties, such as
ferroelectricity, piezoelectricity, multiferroicity and photovoltaic properties can be related to
the octahedra in these structures. Changes in these physical properties can be expected at high-
pressure and high-temperature conditions once cations displacements and octahedral distortions
are temperature and pressure-sensitive. Therefore, high-pressure/temperature experiments are
a straightforward and robust way to explore the structural, optical, and ferroic properties of
perovskites-related materials. In this thesis, we studied several perovskites-related structures
under extreme conditions of pressure and temperature. Two groups of perovskites were studied,
multiferroics materials and halide perovskites. In the multiferroic materials group, a four-
layered member of the Aurivillius family (BisFeTizO1s (BFTO)), and a quadruple perovskite
(CaMn7012 (CMO)) were considered. Despite the technological interest of multiferroic
compounds, studies reporting the structural stability in complex multiferroic perovskites under
hydrostatic pressure are scarce. This thesis aims to fill this gap of information by investigating
the pressure-induced phase transitions of BFTO and CMO. For BFTO, a rich sequence of phase
transitions was identified by combining Raman spectroscopy with synchrotron powder x-ray
diffraction. Both techniques confirm the existence of three phase transition, and the analysis of
the strain induced by the orthorhombic distortion allowed us to infer the order of two of them.
In turn, we showed that CMO undergoes at least two structural phase transitions up to 19 GPa,

which is unusual for quadruple perovskites.

In the halide perovskites group, the Ruddlesden-Popper compound Cs2Pbl>Clz, and the
0-D perovskite Cs4PbBrs were considered. Metal halide structures have emerged as a state-of-
the-art photovoltaic material owing to their extraordinary optoelectrical properties, low cost,
and simple solution-based fabrication methods. Temperature-dependent photoluminesce (PL),
and Stokes-Anti-Stokes Raman measurements in the range (300 — 16 K) were performed for
the CsoPbloClo compound. The Raman spectra revealed no evidence of structural phase
transitions; however, we observed second-order Raman features, and a new PL band arising at

low temperatures. Analyses of the temperature-dependent emission linewidth allowed us to



establish that a strong electron-phonon coupling not yet reported for this kind of halide
perovskites is present in the Cs;PbI>Cl; phase. Finally, we discuss the changes in the structure
and the PL behavior of luminescent CssPbBres single crystals (SCs) under high-pressure
conditions. The structural analysis demonstrated that its structure undergoes two phase
transitions around 3.2 and 4.5 GPa. The first phase transition was also observed in nanocrystals,
but the second seems to be characteristic of bulk crystals. In our Cs4PbBre bulk SCs, the PL
emission is completely suppressed at 3.5 GPa, indicating that in this structure, the high-pressure
(monoclinic) phase does not produce a favorable condition for the PL. phenomena. In line with
the other 0D perovskites systems studies under high-pressure conditions, the PL of our system
is very similar to the one reported for Cs3Bizlo. We proposed that the PL of the luminescent
Cs4PbBrs SCs can be associated with the different size distribution of quantum dots or NCs of
CsPbBr3; embedded in Cs4PbBrs. Our findings provide valuable insight into the luminescence
mechanism making significant inroads into green photoluminescence origin understanding and
shedding light on the structural characteristics and PL properties of luminescent CssPbBrg

single crystals under extremes conditions.

Keywords: Multiferroic compounds, Halide perovskites, Ruddlesden-Popper phase, Structural

phase transitions, Electron-phonon coupling.
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1. Introduction

The crystal structures encompassed by the term perovskite embrace a vast range of
compounds, from the simple cubic ‘aristotype’ SrTiO3 to cation-and anion deficient phases
[1,2]. The main feature that makes the perovskite structures fascinating is the possibility to tune
over wide ranges of their physical and chemical properties by relatively simple atomic
substitutions [3]. As an example of this flexibility, we can quote the syntheses of perovskites in
which the large cations are replaced by an organic molecule, such as in the inorganic-organic
hybrid compound (CH3NH3)PbX3 [4], where X is typically Cl, Br, I, or a combination of these
anions. Recently, inorganic-organic hybrid compounds have drawn significant attention as the
core of photovoltaic cells [5—7]. Therefore, depending on which atoms or molecules are
arranged in the structure, perovskite materials exhibit different structures and interesting
physical properties that have been intensively studied since the middle of the twentieth century
[3]. So, it is this flexibility that makes the perovskite an important family of compounds, in
which the easy replacement of any of the atoms (respecting the Goldschmidt tolerance factor

[8]) can be used to modify physical properties in a controlled way.

Among the various applications fields and physical properties, two major areas have
been in the focus of the scientific community: multiferroic perovskites [9], and, most recently,
photovoltaic perovskites [10,11]. Multiferroics are a class of materials that simultaneously
exhibit more than one primary ferroic ordering (ferroelectricity, ferromagnetism,
ferroelasticity, or ferrotoroidicity) in the same phase [12]. The possibility of combining
electrical and magnetic properties in a single phase (multiferroicity) and, mainly, the coupling
between these properties (magnetoelectricity) has implied in great interest for these compounds
[13]. In turn, photovoltaic perovskites have emerged as a promising class of functional materials
for photovoltaic and optoelectronic applications with high efficiency and low costs [11]. In less
than half a decade of rigorous research and development in perovskite solar cells, its efficiency
has increased by up to 25.2% (certified PCE of PSCs), as can be found in the NREL PV chart
https://www.nrel.eov/pv/assets/pdfs/best-research-cell-efficiencies.20191106.pdf.



https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20191106.pdf
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The in situ high-pressure analysis is a valuable technique to shed light on the physical
properties of perovskites [14,15]. Their interatomic distances and bond lengths can be adjusted,
and pressure can thereby effectively tune the lattice and electronic structures, as well as their
properties and functionalities [16—18]. In the last years, high-pressure science and technology
have developed, and it is becoming a major area in the materials science field with an increasing
number of discoveries that have been reported [19]. In this thesis, we investigate the structural
and physical properties of multiferroic and photovoltaic perovskites under extreme conditions
of pressure and temperature. In Chapter 1, a general review of the different perovskite structures
and their variations is presented; then, we focus on multiferroic and photovoltaic perovskites
and the effects of pressure on them. A description of the experimental apparatus used in the
experiments is given in the methodology chapter. The results of the thesis are divided in four

chapters, one for each studied sample.

In chapter 4, the structural stability of the multiferroic four-layer Aurivillius ceramic
BisFeTi3015 (BFTO) under hydrostatic pressure was investigated in situ by synchrotron X-ray
powder diffraction (SXRPD) and Raman spectroscopy. Measures performed up to 15 GPa
allowed the identification of two well-defined structural phase transition. The ambient
conditions orthorhombic phase transforms into a tetragonal one around 3.2 GPa, and around 7.5
GPa rises a new orthorhombic phase. Both phase transitions are evidenced by the pressure
dependence of the lattice parameters and vibrational modes frequencies. The analysis of the
induced strain indicates the transitions are, respectively, of second-order and first-order. Subtle
changes in the Raman spectra and powder patterns suggest the onset of a new phase transition

around 10.5 GPa.

In chapter 5, we investigated the pressure-induced structural phase transitions (SPT) in
CaMn;012 (CMO) quadruple perovskite by synchrotron X-ray powder diffraction. Despite the
thorough discussion on the CMO ferroelectric and magnetic properties, few investigations were
focused on the structural phase transitions (SPT) undergone by this compound. In this thesis,
we show that CMO undergoes at least two SPT induced by hydrostatic pressure. CMO
transforms successively into a monoclinic structure around 9.9 GPa and into another monoclinic
phase for pressures higher than 13.3 GPa. For pressures above 17.0 GPa, subtle changes in the

lattice parameters are observed, suggesting a new phase transformation of CMO.
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In chapter 6, we address a 2D layered perovskite from the Ruddlesden-Popper family.
A recent study has shown that Cs;Pbl2Cl> has excellent stability to moisture and interesting
optical properties. In this thesis, we present the synthesis as well as temperature-dependent anti-
Stokes and Stokes Raman vibrational spectra measurements in the range (300 — 16 K) for
Cs2PbIxCl: single crystal, combined with DFPT first-principles calculations. The Raman
spectra show the second-order features as temperature decreases. The second-order Raman
generation by excitons interacting with phonons was investigated, and insights into the

excitonic process were given.

Finally, Chapter 7 is dedicated to the low-dimensional photovoltaic perovskite
Cs4PbBrs. We discuss the changes in the structure and the PL behavior of luminescent Cs4PbBre
single crystals (SCs) under high-pressure conditions. A phase transition at approximately 3.0
GPa from rhombohedral to monoclinic phase was determined by high-pressure synchrotron X-
ray diffraction and Raman spectroscopy. The structural phase transitions observed are similar
to those found from initially non-luminescent Cs4PbBrs nanocrystals (NCs)[14]. However,
although the structural characteristics are similar for both systems, the pressure-induced PL
response is quite different from each other. Also, adding value in the great debate about the
origin of the green luminescence in CssPbBrs, our results suggest that the PL of the luminescent
Cs4PbBrs SCs can be associated to the different size distribution of quantum dots or NCs of

CsPbBr3; embedded in Cs4PbBrg SCs.
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2. Perovskite Structure

The Russian mineralogist Gustav Rose discovered calcium titanate (CaTiO3) in 1839,
which was named in honor of mineralogist Petrovski as perovskite, and materials with the same
type of crystalline structure were known as perovskite compounds [3]. Therefore, perovskites
are a class of compounds with a general formula close to or derived from the composition
ABX3. The ABX3 perovskite family is formed by ionic compounds, where, usually, A is a large
cation, B is a medium-sized cation, and X is an anion. The diversity of perovskite and
perovskite-like layered compounds can be understood in terms of its idealized structure which
is cubic (space group Pm3m), as it is adopted by SrTiO3 at room temperature. There are two
general ways to describe this structure. The first one, depicted in Figure 1a, place A ions at the
corners of the unit cell (Wyckoff position 1(a) 0, 0, 0). B ions lie at the center (Wyckoff position
1(b) 1/2, 1/2, 1/2) and form a regular octahedron with X anions (Wyckoff position 3(c) 1/2, 1/2,
0; 1/2, 0, 1/2; 0, 1/2, 1/2). The second description, which is commonly used for discussions of
the chemical and physical properties of perovskites, translates the cell origin to B ions (Figure
1b). Large A ions are located at the unit cell center and are surrounded by a cuboctahedral cage

of X ions. This structure is visualized as an array of corner-sharing BX¢ octahedra.

Figure 1: The ideal cubic (aristotype) perovskite of formula ABX3 (A,B =cation, X= anion). (a) A ions (blue balls)
located at the corners of the unit cell. (b) A ions located at the unit cell center. The X anions are represented by

red balls.


https://www-sciencedirect.ez11.periodicos.capes.gov.br/topics/engineering/calcium-titanate

23

2.1. The Goldschmidt Tolerance Factor

As aforementioned, materials with ABX3 composition can adopt different crystalline
structures depending on the size and interaction of the A cation and the corner-sharing BXe
octahedra, from “aristotype” (more symmetric) cubic perovskite to more complex structures.
Goldschmidt tolerance factor (t) is a reliable empirical index to predict which structure is
preferentially formed [8]. From a crystallographic view, the ideal perovskite structure is
inflexible, as the unit cell has no adjustable atomic position parameter, so that any
compositional change must be accompanied by a change in the lattice parameters. In a cubic

unit cell edge, lattice parameter a is equal to twice the B — X bond length (2(B — X) = a). In

the same way the width of the cuboctahedral cage site, V2a, is equal to twice the A — X bond

length. Thus, the ideal structure forms when the ratio of the bond lengths is given by:

(ra+ 1%)

t=— = 1
V2(rg + %) M

where 7, is the radius of the A cation, 75 is the radius of the B cation, and ry is the radius of the
anion. In general, the ideal cubic structure is formed when the tolerance factor is in the
approximate range of 0.9 — 1.0. If t > 1, that is, large A and small B, a hexagonal packing of the
AXj3 layers is preferred, and hexagonal phases are formed. A tolerance factor of 0.71-0.9 results
in a distorted perovskite structure with lower symmetry than cubic due to the octahedral
framework distortions. There are three distortions in perovskites structures that arise from the
octahedra and are responsible for the symmetry lowering: tilting or rotation of the octahedra
(mostly associated with A cations that are too small for the cuboctahedral cage site),
displacements of the cation B (the cations are displaced away from the center of the octahedron,
leading to a tolerance factor significantly less than 1, and the structure becomes tetragonal,
trigonal or orthorhombic depending of the direction and magnitude of the displacements), and
the octahedral distortion (the octahedron itself can distort to give elongated or flattened
octahedra) [20,21]. These distortions in geometry from ideal structure play a crucial role in

tune the physical properties of the perovskites [22].

2.2. Describing The ABX3 Structure Derivatives

The perovskites structures allow not only a wide variety of different ions in its

compositions but also more chemically complex phases, which can contain mixtures of A, B,
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and X ions, as well as chemical defects [3]. In many instances, these ions are randomly
distributed over the available sites, but for some ratios, they can order to form phases with
double, triple, or quadruple perovskite-type unit cells [23]. Thus, the perovskite family is
widened by ion substitution, particularly at the A or B sites and at varying degrees [24,25].
However, particular interest is given in the case where exactly half of the B-site cations are
substituted with another cation, enabling in many cases improved efficiency of the physical
properties for specific applications [26,27]. In this case, the two different cations B and B', may
remain disordered at the B site, or they can order, depending on whether they are sufficiently
different in charge, size, and/or bonding preference of the B and B' cations. In general, when
the oxidation states of B and B' differ by less than two, a disordered arrangement is observed,
whereas a difference higher than two nearly always produces an ordered arrangement. When
the difference in oxidation states is exactly two, disordered, partially ordered, or fully ordered
arrangements can result [23]. In the next section, will be discussed some structures phases

derive from the ABX3 structure.

2.2.1. Double, Triple and Quadruple Perovskites

The most widely encountered ordered pattern is found in the double perovskites with
the formula Ao BB'Xe [26]. The unit cell of the double perovskites is no longer primitive
(Pm3m), as in simple aristotype perovskite, but gives a face-centered unit cell Fm3m [28]. The
axes run parallel to the simple cubic perovskite axes, and the lattice parameters double the one
of the simple cubic lattice ap. There are three different ways in which A or B-site cations can
order in the double perovskites. The most familiar ordering pattern corresponds to the two
different cations arranged in a chessboard pattern, often called rock-salt ordering (Figure 2a)
because the B and B' (or A and A') pattern is equivalent to the anion and cation positions in the

rock-salt structure [23].
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Figure 2: Different B-site cation orderings schemes found in perovskites. (a) the rock-salt ordering, (b) layered
ordering, and (c) columnar ordering. The rock-salt scheme corresponds to the Ba,MgWOg [28] structure with space
group Fm3m. The layered scheme corresponds to the La,CuSnOg [29] structure with space group P4/mmm. The

columnar scheme is idealized and does not correspond to a real structure.

Although not as common as the rock salt ordering, there are a few examples of columnar
and layered ordering among A>2BB'Xs perovskites, as shown in Figure 2(b, c) [28,29]. Cases
of columnar ordering arise from charge ordering in mixed-valence perovskites (e.g.,
LaCaMn**Mn**Qg, and NdStMn>**Mn**Qe) [23], whereas for layered perovskites, there are only
a handful of cases of layered B-site cation ordering, as the structures Ln,CuSnOg (Ln = La, Pr,
Nd, Sm) and LaxCuZrOg [23]. It is interesting to comment that considering the octahedral
connectivity, the ordered double perovskites can be classified as 0D, 1D, 2D, and 3D
perovskites. The rock-salt arrangement can be thought of like a OD case, where each B'Xs
octahedra are isolated from each other by B cations. Similarly, columnar ordering can be
considered a 1D case where the B'Xs octahedra are connected in one dimension, whereas the
layered perovskites can be associated with 2D structures because it allows connectivity of B'Xs
octahedra in two dimensions. The 3D case arises when the octahedra are corner-shared in all
directions, such as happens in the simple perovskites. The classification of the perovskite
structures regarding the connectivity of octahedra gained notoriety in the last five years with
the halide perovskites for photovoltaic applications [30], which is discussed in more details in

the next sections.

Although double perovskites with rock-salt ordering are dominant, there are other types

of B-site cation ordering, such as those found in triple A3BB'2Xo9 (1: 2 ordering) and quadruple
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A4BB'3X12 (1: 3 ordering) perovskites. As an example of the triple perovskites, we can cite the
series of BasBB20O9 (B = Mg, Ni, Zn; B' = Nb, Ta) perovskites [31]. The crystal structure
(Figure 3a) of these perovskites generally consists of a cubic close-packed array of BaOs3 layers
wherein B and B’ atoms are ordered in the 1:2 sequence ...B B’ B’ B B’ B'... resulting in a
rhombohedral/hexagonal structure [31]. The perfect 1:2 ordering of B-site cations influences
the dielectric properties, being 1:2 more efficient than 1:1 ordered perovskites [32]. They
present excellent dielectric properties, such as high dielectric constants (¢ =~ 30 - 40) and low
dielectric loss in the microwave region, that find applications as resonators in microwave
telecommunications technology [31,32]. An illustrative example of a quadruple unit cell with
a stacking sequence (1:3) along the c-axis of ...B B’ B’ B"... is given by the compounds
Sr2LiSb3012, CazliSb3012, and Sr2La;CuTizO12 [33]. The crystal structure, which crystallizes

in the tetragonal P4/mmm space group, is shown in Figure 3b.

Figure 3: (a) Crystal structure of the triple perovskite BaMgTa>O9 [31]. (b) An illustrative example of a quadruple
unit cell with a stacking sequence (1:3) along the c-axis of B B' B' B' (structure of Sr,La,CuTi3012 [33]). Both the
A and B-site cations are ordered. (c) A-site cation ordering of CaMn;O, [34] structure with square planar

coordinated sites.

In the double perovskites, A-site cation ordering is much less common than B- site
cation ordering [3,23,35]. However, an example of A-site cation ordering is provided by a group
of quadrupole oxide perovskites AA'3B4O12 [23,36]. In this case, A can be an alkali metal,
alkaline earth, lanthanoid, Pb, or Bi, and the A' cation is a 3d transition metal ion [36]. The
accommodation of a 3d transition metal ion into the large cage sites is unusual because these
are commonly found as high-charge medium-sized cations that prefer octahedral coordination
[23,36]. So, to adopt this site, the A’ transition metal cations must show a strong Jahn—Teller

effect [37]. So far, the phases synthesized have been limited to the Jahn—Teller ions Mn>* and
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Cu**[3]. In these, the Jahn—Teller distortion usually takes the form of an elongated octahedron
or, when the deformity is extreme, a square planar configuration [3]. The perovskites with this
stoichiometry show a framework of corner-linked BOg octahedra, together with typical A-site
cations at the unit cell corner and center, and square planar coordinated sites formed from the
apical and equatorial oxygen anions of the BOg octahedra [3,38]. CaMn;O1> is an example of
this structure, with general molecular formula AA'3(B'3B)O12, where A/ B' = Mn** and B =
Mn** [34]. CaMn7O1 crystallizes in the rhombohedral space group R3 (See Figure 3c). This

compound is studied in more detail in Chapter 5.

2.2.2. Layered Perovskites: Ruddlesden—Popper, Dion-Jacobson, and Aurivillius Phases

Due to the rising interest in photovoltaic perovskites, 2D layered compounds with
perovskite-related structures have received much attention from researchers in the last years
[39]. The layered perovskites are built from slabs of perovskite blocks interleaved with a second
motif. The general formula of the layers is An-1BnX3n+1, but it is convenient to describe the
structures singling out the motifs, which are the main characteristics among the layered
structures. These layered compounds can be classified into three major groups: Ruddlesden-
Popper, Dion-Jacobson, and Aurivillius structures. Table 1 summarizes the structural

relationships between these three important series.

Table 1: Modular Perovskites. Adapted from [3].

Interl P kite slab
Name et a'yer Layer e'r OVSKIte 51 Series formula Examples
(motif) displacement
Ruddlesdn- Sr;TiO4 (n=1)
A An1BirOsns a,+b,)/2 An1BnOsn+ .
Popper ? I el @ »)/ ! el Sr3T1204 (n=2)
R o e L
Jacobas A" AuBOs a/2 (Type II) AAWBOwe oo
acobson (a, + b,)/2: (Type Il ayTa3019
(n=3)
Bi An Bi,W =1
Aurivillius ~ BixO>  AniByOsnes (ap + by)/2 (B0 ( 12WOs (n=1)

1BnO3n+1) Bi4T13012 (n=3)

Nowadays, one of the most studied 2D perovskites is the Ruddlesden—Popper phase,
which is composed of two-dimensional perovskite-like slabs interleaved with cations [40,41].
The first report of a Ruddlesden—Popper phase can be traced back to the 1950s when three
compounds with the K>NiFs-type structure were discovered by Ruddlesden and Popper, which

were S Ti04, CaxMnOy, and SrLaAlOs [42,43]. The Sr2TiOs (n=1) is described as a stacking
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of single slabs of ideal SrTiO3 separated by the motif, a layer of Sr; (see Figure 4a). Increasing
the perovskite slab thickness while keeping the inter-slab structure the same, generates the
phases Sr3Ti207 (n = 2) and Sr4Ti3010 (n = 3). The aristotype perovskite SrTiO3 corresponds
to the limit case for n = co. Each slab is displaced relative to its neighbors by (in the ideal case)

a vector (a, + b,,)/2, where ap, and b, are the typical cubic unit cell vectors.

(2) (®)

Perovskite

Figure 4: The idealized structures of the (a) Ruddlesden-Popper phase with n = 2 (b) Dion-Jacobson phase with n

= 2, and (c) Aurivillius phase with n = 3.

If the pair of A'; atoms at the boundaries of the perovskite-like sheets in the Ruddlesden—
Popper phases are replaced with just one A’ atom, the series takes the formula A'(An-1BnO3n+1),
and are called Dion—Jacobson phases (Figure 4b). Three different structures accommodate the
Dion—Jacobson phases. Type I structures are characterized by having no displacement between
the perovskite layers, which are aligned one above the other. Type II structures have a
displacement of ay/2 between the successive perovskite layers, that is, half a unit cell
displacement either along the a- or b-axis. Type III structures have a displacement of a, +
b,)/2 between the successive perovskite layers, which is the same as in the Ruddlesden-Popper
phases. In turn, Aurivillius phases contain slabs of perovskite intercalated by a layer of Bi,0-.
This structure is represented by a series with the general formula (Bi>O2)(An-1ByOsns1), SOmetimes

written in an ionic form as (Bi»02)**(An-1BnOsus1)* (Table 1). The displacement between adjacent
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slabs is as in the Ruddlesden—Popper series. The index n generally runs from 1 to 5. The
structure of the Bi,0O; layer is similar to the CaF fluorite. Thus, the Ruddlesden—Popper series
is also represented as an intergrowth of fluorite and perovskite elements. BioWOg represents
the n = 1 member of the series, BisTiNbOog the n = 2, Bi4Ti3012 the n = 3, but the best-known
members of this series are the ferroelectrics SrBisTi40O15, and BisTisFeO1s1in which n = 4. For

a more in-depth discussion about perovskites, readers can check the references [3,44].

After a brief description of perovskites structures, in the next sections, some properties
of multiferroic and lead halide perovskites are discussed. Relevance is given to the relationship

between pressure-induced structural phase transitions and physical properties.

2.3, Phase Transitions in Multiferroic Perovskites

The increasing interest in multiferroic materials in the last few decades has been driven
by their fascinating physical properties and enormous technological potential [9]. This
technological potential implies in a range of applications, including data recording, memory
devices, magnetic field sensors, microwave devices, and photovoltaic solar cells [45—49]. The
combining and control of the simultaneous ferroic orderings are challenging, requiring
engineering of new material chemistries and the development of new tools to compute and

characterize the novel properties associated with the coupled behaviors [9].

As defined by Schmid in 1994, multiferroics refer to a large class of materials that
simultaneously exhibit more than one of the primary ferroic ordering (ferroelectricity,
ferromagnetism, ferroelasticity or ferrotoroidicity) in the same phase [12]. The terminology is
often extended to include non-primary orderings such as antiferromagnetism, as well as
composites of individual ferroics. These composites form heterostructures of ferroelectrics
materials interlayered with magnetic materials, which is most often used today to refer
specifically to magnetoelectric materials combining ferroelectric and magnetic behaviors
[49,50]. Figure 5 generally describes the relationship between the ferroic orderings involved in
the identification of multiferroic materials. Figure 5 indicates that when a multiferroic material
is subjected to an external field (magnetic, electric, or elastic), stable tensile quantities such as
magnetization (M), polarization (P), deformation (), and toroidal moments (T) associated with
external fields appear in the material. The electric field E, the magnetic field H, and the
mechanical stress ¢ control the polarization P, the magnetization M, and the elastic deformation

€ respectively. Besides these properties, toroidal moments T, which should be switchable by
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crossed electric and magnetic fields, have been arisen as a new ferroic ordering [9,51,52]. “O”
represents other possibilities, such as spontaneous switchable orbital orderings, vortices, and

chiralities, that is likely enriching future research [53].

Figure 5: Diagram identifying multiferroic systems through the direct or indirect relationship between the variables

involved. Figure adapted from reference [53].

Multiferroic materials become scientific and technologically impressive not only
because of their capacity to exhibit several ferroic orders but also due to the possible coupling
among these ordering states [9,49]. The coexistence of at least two forms of ferroic ordering
leads to interactions that are considered as order parameters in the classification of couplings in
multiferroic materials. These interactions are described as magnetoelectric coupling, which
describes the influence of a magnetic or (electric) field on the polarization or (magnetization).
Piezoelectricity and (Piezomagnetism), which describe a change in voltage as a linear function
of the applied electric or (magnetic) field, or a change in polarization / (magnetization) as a
linear function of applied stress. Besides, electrostriction and (magnetostriction) are described
by changes in deformation as a quadratic function of the applied electric or (magnetic) field

[49].

The vast majority of the most important multiferroic compounds have perovskite-related

structures [49]. As we know, the octahedra blocks of the perovskite structures are its main
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geometrical features and can undergo distortions by the application of external fields. Dramatic
changes in the multiferroic behavior can be expected at high-pressure and high-temperature
conditions once cations displacements and octahedral distortions are temperature and pressure-
sensitive. So, the use of pressure and temperature provides a direct link between the atomic

structure and the ferroic orders.

We can summarize the situation of multiferroicity features arising under
pressure/temperature-induced phase transitions citing some important multiferroic compounds.
For example, in the case of BaTiOs3, a pressure-induced structural phase transition from cubic
to tetragonal systems induces the Ti*" cations displacements. Such displacements result in a
slight change in the octahedron framework giving rise to electric dipoles that are associated
with the ferroelectric properties of tetragonal BaTiOs3 [54]. Besides the BaTiOs, the BiFeOs is
another multiferroic material having a perovskite structure that shows magnetic and
ferroelectric behavior with an intense polarization at ambient conditions of pressure and
temperature [55]. BiFeOs displays a complex response at high-pressures, with several structural
phase transitions in the pressure range up to 60 GPa, but the number of phase transitions, the

atomic structure, and the symmetry of the high-pressure phases remains controversial [15].

Although the perovskites are very common in the multiferroic field, the search for
multiferroics materials has expanded to materials that crystallize in other structures than the
perovskite-type. In this line, the KBiFe,Os (KBFO) was proposed as a new multiferroic material
with low bandgap energy (Eg ~ 1.6 eV) [56]. Pressure-induced structural phase transitions on
the orthorhombic phase of KBFO were investigated, showing that pressure produces an
enhanced in the ferroelectric, electric transport, and photoelectric properties [57]. Besides the
orthorhombic phase, KBFO can crystallize in a monoclinic phase (space group P2/c) [58].
Recently, we show that the monoclinic phase of KBFO presents an unusual behavior of
pressure-dependence, increasing symmetry from a monoclinic P2/c to a Pmmm structure [59].

The phase transformation was observed to be a reversible reconstructive first-order transition.

2.4, Phase transitions in Photovoltaic Perovskites

In recent years the emergence of organic-inorganic hybrid halides perovskites-like materials
has generated enormous interest in the photovoltaic research community [60]. The
extraordinary optoelectronic properties, low cost, and simple solution-based fabrication

procedures[61-66] led these structures to the state-of-the-art photovoltaic materials. Besides
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the optoelectronic features, these compounds attract notable attention due to its high efficiency
for photovoltaic cell applications[67]. The groundbreaking discovery of organic-inorganic
hybrid perovskite materials for converting solar energy into electrical energy has revolutionized
the third-generation photovoltaic devices. In less than half a decade of rigorous research and
development in perovskite solar cells, the efficiency is boosted up to 25.2% (certified PCE of
PSCs), as can be found in the NREL PV chart (https://www.nrel.gov/pv/assets/pdfs/best-
research-cell-efficiencies.20191106.pdf).

In general, in the perovskites photovoltaic solar cells, the A cation is an organic or
inorganic monovalent cation like methylammonium [CH3NH3]* (MA), formamidinium,
[CH(NH2)2]* (FA), and Cs*. B is a divalent metal, usually Pb** or Sn**, and X is a halide element
(F, Cl, Br, or I). The last characteristic led the perovskites solar cells to be known as “halide
perovskites.” It is interesting to highlight that these photovoltaic materials are associated with
the “perovskite” family, but in fact, the majority of them are not actual “perovskites”’; however,
they are so-called for containing octahedra with the same coordination that the one in ABX3

perovskites [68—71].

Considering the octahedra connectivity in perovskites, a simple way for understanding
the components of the perovskite family for photovoltaic applications is classifying them by
the spatial arrangement of the [BXs]* octahedra. In a description of this classification based on
the A,BX2+, formula, structures with the empirical formula ABX3 are referred as 3D perovskite
(n=1), consisting of a framework of corner-sharing metal halide octahedra (Figure 6a) that
extends in all three dimensions, with small organic or inorganic cations fitting into the void
spaces between the octahedra (Figure 6b). For n = 2 — 4, the structure is often referred to as
low-dimensional perovskites. 2D and quasi-2D perovskites structures (n = 2) with the layered
structure, organized from octahedra connected along the octahedral axes, can be derived from
3D by slicing along specific crystallographic planes (Figure 6d). In the case of quasi-2D
perovskites, the formation occurs through the superposition of two or more categories; for
instance, a superstructure of 3D and 2D (Figure 6c¢). If 2D perovskites are further sliced
perpendicular to the inorganic sheets, octahedra remain connected only along one axis, which
can be categorized as 1D perovskites (n = 3) (Figure 6e). The extreme case is 0D perovskites
(n = 0), derived by further slicing of 1D, to form nonconnected (i.e., isolated) octahedra or

octahedra-based clusters (Figure 6f).


https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20191106.pdf
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20191106.pdf
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Figure 6: Typical structures of 3D, 2D, 1D, and OD perovskites. Figure adapted from Ref. [37].
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The 3D organic-inorganic and all-inorganic APbX3 (A = Cs, Methylammonium (MA),
and Formamidinium (FA); X = Br, Cl, and I) perovskites were the first ones to have their optical
properties exhaustively investigated in the last five years [69,72—75]. Those structures have
demonstrated a tunable PL emission spectra from ultraviolet (UV) to the near-infrared by tuning
their bandgap [76]. Many researchers have attempted to tune the bandgap of perovskites
controlling their chemical composition [77] and crystallite size [73]. Progress has been made in
changing the halides ions, for example, the bandgap energies of MAPbX3 (X: CI, Br, or I)
change from 3.11 eV — 2.35 eV — 1.55 eV when X is changed from Cl — Br — I [78].
Protesescu et al.[72] reported that the bandgap energies of all-inorganic cesium lead halide
perovskites CsPbX3 nanocrystals (NCs) could be tuned over the entire visible spectral region
by adjusting their composition. Figure 7 shows that the PL spectra can be tuned from 410 to
700 nm with a narrow emission full width at half maximum (FWHM) of 12—42 nm. The PL
center emission is 410 nm for CsPbCls, 525 nm for CsPbBr3, and 700 nm for CsPbls.
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Figure 7: Colloidal perovskite CsPbX3 NCs (X = Cl, Br, I) exhibit size and composition-tunable bandgap energies
covering the entire visible spectral region. (a) colloidal solutions under UV lamp, (b) representative PL spectra,

(c) typical optical absorption and PL spectra. Figure adapted from Ref. [72].

High-pressure experiments have proven to be a valuable technique to tune the crystal
structure and physical properties in perovskites structures. Several investigations were
conducted to understand if high-pressure influences the photovoltaic properties of the lead
halide perovskites. The 3D perovskites MAPbX3 (X= Br, Cl, and 1) [16,79,80] and CsPbX3
(X= Br, Cl, and I) were investigated under high-pressures conditions, as well as low
dimensional structures like Cs3Bizlo [81], CsaPbBrs [14], Cs2PbBr5 [17], and (PEA):PbBr4[18].

In the next paragraphs, we summarize the effect of pressure on some of these structures.

Zhao et al. reported the phase transitions of MAPbBr3 under high pressures conditions
of up to 34 GPa [79]. Two pressure-induced structural phase transitions below 2 GPa were
observed. Summarizing, the cubic Pm3m structure transformed to another cubic structure Im3
at 0.4 GPa doubling the unit-cell, then to an orthorhombic Pnma structure around 1.8 GPa. The
amorphization process starts at above 2 GPa, and almost all of the diffraction peaks disappeared
at 12.5 GPa. The phase transitions observed are attributed to the tilting of PbBrs octahedra and
the loosing of the long-range ordering of MA cations, respectively. Upon decompression, the
amorphous phase was reversible, exhibiting a memory effect. The sequence of phase transitions
is shown in Figure 8a. The photoluminesce emission (PL) of MAPbBr3; at ambient conditions
of pressure and temperature exhibits a green emission centered at 525 nm. To accompanied the

pressure effect on the photovoltaic related properties, Zhao et al. [79] carried out pressure-
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dependent PL. measurements. With a further increase in pressure, the PL peaks became weaker
and finally undetectable due to the enhanced non-radiative processes in the amorphous structure
(see Figure 8b). The bandgap, as a function of pressure derived from PL spectra and band
structure calculations, were also investigated. The bandgap shows a redshift below 1 GPa,
followed by an anomalous blueshift at higher pressures (when compared with first-principles
predictions) (Figure 8c). Similar effects under pressure were observed for MAPbCls [16], and
MAPDI; [82,83] with structural phase transitions points occurring close to those of MAPbBTr3.
The pressure-dependence of PL and bandgap demonstrated to follow the same pattern observed
in organic-lead bromide perovskites with a redshift in phase I and a subsequent blueshift in
phase II. Figure 8(d — i) shows the pressure-dependent lattice parameters, PL spectra,

absorbance, and bandgap for MAPbCl3; and MAPbI;.
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Figure 8: Lattice parameters, PL spectra, and bandgaps at several pressures of (a-c) MAPbBr3. (d-f) MAPbCls,
(g-i) MAPDI;. Figure adapted from Refs [16,79,82].
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The 3D all-inorganic halide perovskites investigated under high-pressure conditions
demonstrated to have slightly higher structural stability compared to organic-inorganic hybrid
perovskites. They present one phase transition instead of two, with the PL and bandgap,
following the same behavior as hybrid perovskites with a redshift before phase transition and a
blueshift upon the phase transition [84—-86]. The pressure-dependence PL spectra, absorbance,
and bandgap for CsPbBr3; and CsPbCls are shown in Figure 9. The results show that hydrostatic

pressure can alter the lattice and electronic of halide perovskites and their photovoltaic related

properties.
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Figure 9: (a) Absorption spectra, PL spectra, bandgap evolution, and PL peak position as a function of pressure
for CsPbBrs. (b) Absorption spectra, PL spectra, bandgap evolution, and PL peak position as a function of pressure
for CsPbCls. Figure adapted from Refs [84,85].
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2.5.  Stability and Toxicity of Lead Halide Perovskites

Despite the success of the lead halide perovskite-based devices in enhancing the
efficiency of photovoltaic solar cells and their low fabrication cost, these devices still face
several critical challenges that impair practical applications for new technology. Stability and
toxicity of Pb stand as formidable obstacles for the commercialization of photovoltaic solar
cells [87,88]. In the context of toxicity, there has been growing research interest in developing
alternative lead-free perovskites with low toxicity and high stability [89,90]. Considering the
photovoltaic properties, and based on ionic size and Goldschmidt tolerance factor, a wide range
of cations are predicted to be replacements for Pb. Some elements lead-free perovskites are tin
(Sn), germanium (Ge), antimony (Sb), and bismuth (Bi) [60]. They are proposed as potential
candidates to address the lead toxicity, but the resulting devices yielded lower power conversion

efficiency (PCE) values than those reported with lead halide perovskites [91].

Although organic—inorganic hybrid perovskites like MAPbI3, FAPbI3, and the mixed-
cation-based perovskites (FA/MA, MA/Cs, FA/Cs, FA/MA/Cs, etc.) are leading in terms of
efficiency, they have been facing a considerable challenge to provide long-term stability. The
instability of lead halide perovskites to moisture, light, and heat is another issue that must be
addressed [92,93]. To overcome this issue, numerous efforts have been made to enhance the
stability of the device [93-95]. One of these efforts is the replacement of organic cation with
an inorganic cation. One of inorganic cation that has been found suitable and successful in
forming perovskite structures is cesium (Cs™*), although studies also predict some perovskite
compounds of Rb [96]. However, the efficiency of these all-inorganic structures is inferior
compared to organic—inorganic hybrid perovskites [93]. 2D perovskites are more stable to heat
and humidity, but they lag behind the 3D perovskites in terms of performance because of their
narrow absorption band in addition to poor electron transport properties [97]. A new strategy
that has succeeded in improving intrinsic stability or, essentially, the moisture stability of
perovskites i1s by mixing the 2D structures with 3D structures [98]. The mixing of a small
amount of 2D perovskite with 3D perovskite structures has been found to provide higher

efficiency and improved long-term stability [93].
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3. Experimental Setup

In this chapter, we describe the experimental apparatus used in this thesis. We start
discussing the high-pressure/high-temperature Raman spectroscopy and photoluminesce setups
and after, the synchrotron X-ray diffraction one. Details of the synthesis of the investigated

samples are given in the experimental section of each chapter.

3.1. Raman Spectroscopy

Raman spectroscopy is a non-destructive technique widely used to investigate the
vibrational properties of solids, being highly sensitive to variations in local symmetry, changes
in the chemical bonds, exciton-phonon coupling, variations in the magnetic structure such as
spin modulations and ordering orbital. So, it is an important technique for detecting phase
transitions or subtler structural rearrangements under extreme conditions of pressure and

temperature.

High-pressure Raman spectroscopy measurements on the Cs4PbBre sample were
performed at the Federal University of Ceara using a Labram HR 800 Horiba spectrometer
equipped with a charge-coupled device (CCD) cooled with liquid nitrogen (Figure 10a). For
exciting the Raman signal, a He-Ne (633 nm) laser was employed. The spectrometer slits were
set for a resolution of 2 cm™!. The high-pressure conditions were achieved using a diamond
anvil cell (DAC) with mineral oil nujol as pressure-transmitting media for hydrostatic
conditions. Small ruby chips were introduced in a metallic gasket together with the sample to

determine the pressure values by measuring its luminescence emission (Figure 10c).

High-pressure Raman measurements on the multiferroic ceramic BisTizFeO15 (BFTO)
and the low-temperature Raman measurements on the Cs2Pbl>Cl, sample were performed at
the Federal University of Ceara using a Jobin-Yvon T64000 Triple Spectrometers (see Figure
10b) configured in a backscattering geometry coupled to an Olympus Microscope model BX41
with a 20x long-working distance achromatic objective for BFTO and a 50x objective for
Cs2PbbCly. The 532 nm line laser was used to excite the Raman signal for BFTO. In both
samples, the spectrometer slits were set up to achieve a spectral resolution of 2 cm™. For

Cs2PbI2Clz, a 514.5 nm line laser emission was used to excite the Raman signal and a 401 nm
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laser for PL measurements. The pressure measurements for BFTO followed the same setup
already described above. Temperature-dependent Raman measurements for Cs;Pbl>Cl, from 16
up to 300 K were carried out by using a closed-cycle He cryostat in which the temperature was

controlled by a Lakeshore temperature controller model 330 with a precision of 0.1 K.

(@)

_ Area
detector

Figure 10: (a) Labram HR 800 Horiba spectrometer; (b) Jobin-Yvon T64000 Triple Spectrometers; (c)
Visualization of sample chamber with samples and Ruby.;(d)Schematic drawing of the setup for SXRD
experiments under high pressure at the XDS beamline (Figure adapted from Ref. [99]).

3.2. Synchrotron X-ray Diffraction

Synchrotron light is a much more intense source of X-ray radiation than laboratory ones.
The synchrotron light (which can be X-rays, ultraviolet, visible, and infrared light) is produced
when charged particles, electrons, or protons, traveling at speeds close to the light are deflected
by powerful magnetic fields in an accelerator of electrons. As in sealed X-ray tubes, electrons
are produced by a heated tungsten filament and then are accelerated in the direction of the
booster (first ring in Figure 11b ) using a linear accelerator (LINAC). In the booster, the
electrons undergo further acceleration until reach high energies. They are then injected into the
so-called storage ring (second ring in Figure 11b), and the scattered radiation is collected in

several beamlines [100,101].
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Figure 11: (a) Image of UVX, a second-generation synchrotron light source designed and built-in Brazil, located
at the Brazilian Synchrotron Light Laboratory (LNLS), Campinas, SP, Brazil. (b) A schematic of the most

important components of a synchrotron source. Figure adapted from [100].

For all samples investigated under pressure conditions CssPbBre, BisTisFeOis, and
CaMn701., the structural stability under hydrostatic pressure was investigated by synchrotron
X-ray powder diffraction (SXRPD) at the XDS beamline of the Brazilian Synchrotron
Laboratory (LNLS). This beamline employs a 4 T superconducting multipolar wiggler (SCW)
as a photon source and operates in the energy range between 5 and 30 keV. Summarizing, the
beamline optical configuration consists of a collimating mirror (VCM) with bender, a double-
crystal monochromator (DCM) with interchangeable sets of crystals, and a focusing mirror
(VFM) with a bending mechanism, permitting focus adjustments. More details about this
beamline can be found in Ref. [99]. All measurements were performed at room temperature
with L = 0.61999 for Cs4PbBrs A, A = 0.623036 A for BisTisFeO1s, and A = 0.602495 A for
CaMn70O12. To apply high-pressure, a diamond anvil cell (DAC) (see Figure 10d) with Ne gas
as pressure-transmitting media for hydrostatic conditions was used in the multiferroic samples.
For Cs4PbBrs, the oil nujol was used as a pressure transmitting media. Once that we intended
to achieve lower pressures for Cs4PbBre. Coupled to synchrotron facility, a Raman spectrometer
was used for the photoluminescence measurements, using a 405 nm solid-state laser. Small ruby
chips were introduced in a metallic gasket together with the sample to determine the pressure
values by measuring its luminescence emission. In this configuration, the X-rays are transmitted
through the diamonds and sample and collected in an area detector MarCCD MX?225 (Rayonix,
LLC). Figure 10d illustrates the setup for SXRPD experiments under high pressure at the XDS
beamline. The two-dimensional powder patterns were integrated using the software FIT2D

[102].
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4. Pressure-Induced Structural Phase Transitions in the
Multiferroic  Four-Layers Aurivillius Ceramic
BisFeTi3O15

In this chapter, we present a pressure-dependent study of BisFeTizO;s through
synchrotron X-ray powder diffraction (SXRPD) and Raman spectroscopy to monitor its
structural behavior up to 15 GPa. Our results show that BTFO undergoes two pressure-induced
structural phase transitions in the investigated range. A detailed analysis of the Raman spectra

and SXRPD patterns also suggest the existence of a third transition.

4.1. Introduction

Multiferroic materials, which simultaneously exhibit more than one coupled primary
ferroic order (ferromagnetism, ferroelectricity, ferroelasticity, or ferrotoroidicity) in the same
phase, have been intensively studied over the past decade due to their fascinating physical
properties and the enormous potential for technological applications [45,48,49,103]. In recent
years, Aurivillius compounds with the general formula (Bi202)*"(An-1BnOsn+1)* were also
subject to intense research because of their high-temperature ferroelectric properties. [104,105]
Among the Aurivillius family, BisFeTi3015 (BFTO), which have a structure consisting of four-
layers of perovskite units of (BizFeTi3013)*" intercalated between two (Bi202)** layers along
the c-axis [106,107], is a promising compound to show magnetoelectric effect [108,109], and
interesting electric and optical properties such as, dielectric/ferroelectric transition at high
temperatures [106,110], micro-piezoelectric coefficient of ~ 35.28 pm/V [111], narrow
bandgap of ~ 2.39 eV [112], and photovoltaic properties with large photocurrent Jsc
~ 10puA/cm? and a smaller photovoltage Voc ~ 0.14 V [113,114]. BFTO is usually described as
a combination of a ferroelectric (BisTi3012), and a long-range magnetic (BiFeOs3) ordered
phases, having atoms with a half-filled d-shell (Fe**) and lone-pair of electrons (Bi*® ).
Considering these structural characteristics, BFTO is a potential candidate to present
multiferroic properties, but the low Néel temperature and the weak magnetoelectric coupling
limit its applications. However, several authors reported the enhancement of multiferroicity by

doping BFTO with other magnetic atoms [112,115,116].
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The sequence of temperature-induced phase transitions on Aurivillius compounds
exhibit different ferroic features depending on the number of perovskite layers. Usually, odd-
layered compounds display a single structural transition, while many even-layered compounds
exhibit two phase transitions [117-119]. The expected phase transition sequence of even-
layered Aurivillius compounds starts with a ferroelectric orthorhombic phase (A2;am)
transforming into a paraelectric orthorhombic one, whose space group depends on the number
of layers. The last transition leads the compound to the archetypal paraelectric tetragonal phase
(I4/mmm). Kubel and Schmid suggested that BFTO (n=4) undergoes the typical two-step
transition (at 833 K and 1023 K) from a ferroelectric-orthorhombic to a paraelectric-tetragonal
phase, with an intermediate paraelectric-orthorhombic structure [107,120]. However, high-
temperature neutron powder diffraction studies show that BFTO exhibits a single-step structural
phase transition, from the ferroelectric-orthorhombic phase directly into the paraelectric-
tetragonal one (A2;am — I4/mmm) [118,121]. A similar result was obtained in ABi4Ti4O15 (A
= Ca, Sr, Ba, Pb) compounds [122], which also transform in one step into the archetypal phase.
Thus, if four-layers Aurivillius compounds exhibit a continuous transformation from the
ferroelectric orthorhombic to the paraelectric tetragonal phase, and intermediary paraelectric
orthorhombic phase is necessary, but, in this case, the temperature range of stability of the later

phase should be narrow.

Despite the fact that there is a large number of studies in layered Aurivillius compounds,
the structural stability under hydrostatic-pressure has been scarcely investigated. Raman
scattering measurements have been employed to observe structural phase transitions under
hydrostatic pressure conditions in some cation-deficient Aurivillius phases (Bi2MoOe [123],
Bi2WOs [124], BioW20o9 [125]), and they have shown to provide very useful information on the
origin of lattice instabilities in this family of compounds [126]. Also, high-pressure synchrotron
X-ray diffraction has been reported only for the one-layer cation deficient BixMoOg compound
[127]. These investigations showed Aurivillius compounds generally undergo two-phase

transitions under pressure around 3 and 7 GPa.

4.2, Experimental

The synthesis of BFTO was take in collaboration with the Group of Chemistry of
Advanced Materials (GQMat) coordinated by professor Pierre Fechine. In this synthesis, a

conventional solid-state reaction route was used. Analytically pure Bi2O3 (Aldrich, 99.9 %),
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Fe>O3 (Aldrich, 99 %) and TiO2 (Dynamic, 99.9%) were weighed carefully and mixed
thoroughly in stoichiometric proportions. The mixtures were ball milled in a planetary Fritsch
Pulverisette mill 6 at 370 rpm for 1 h in stainless steel vials and balls at room temperature with
a weight ratio 1:10. After that, the mixed powder was heated (heating rate of 5 °C/min) until
900°C, where it was calcined for 1 h. Then, the calcined powder was manually homogenized
with 5 wt. % of polyvinyl alcohol, which was used as a binder to reduce the sample brittleness.
Finally, this mixture was pressed into small pellets and sintered at the same thermal conditions

applied during the calcination step.

Room-pressure purity and crystalline structure of the samples were determined by X-
ray Powder Diffraction (XRPD) measurements using Cu-K, (A = 1.5405 A) radiation on
X’PertPro MPD-Panalytical diffractometer operating at 40kV under a current of 30 mA. XRPD
data were collected with a step of 0.02° between 10° and 90°. A Rietveld profile analysis was
performed using the software X Pert High Score Plus and DBWS (see Figure 12). The analysis
confirmed that BFTO crystallizes in an orthorhombic structure belonging to the A2;am space

group in accordance with the previous studies [121].
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Figure 12: X-ray powder diffraction Rietveld analyses of the BFTO.
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4.3. Results and Discussion

Like other members of the four-layers Aurivillius family, BFTO crystallizes in an
orthorhombic lattice at room temperature, being the A2;am the most common space group.
Considering those with titanium at the B site, a relevant difference lies in the site occupation as
ABi4Ti14015 have partially disordered A cations in the Bi2Oz-layers [122], whereas in BFTO,
iron substitute randomly titanium at the center of the oxygen octahedra[117]. In any case, the
structure of ambient conditions derives from the tetragonal archetypal one by the tilting and
distortion of the (Ti/Fe)O¢ octahedra combined with the displacement of the A cation along the

polar axis. The low-symmetry lattice parameters are along the diagonals of the tetragonal cell

base, having a dimension of ~v2 a; and doubling the number of molecules per unit cell (Z; =

Figure 13a presents the BFTO powder patterns recorded at pressures up to 13.68 GPa.
By direct inspection of these results, no clear evidence of structural phase transitions was
noticed. However, there is a consistent shift in the peak position towards higher angles, which
suggests a pressure-induced volume reduction. The low-pressure patterns were successfully
indexed with an orthorhombic structure, but due to the limited angular range imposed by the
diamond anvil cell, it was not possible to perform a complete structural resolution. Instead, the
Le Bail method, implemented in the FullProf package [128], was applied to determine the

pressure dependence of the lattice parameters using a pseudo-Voigt function as a peak profile.
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Figure 13: Synchrotron X-ray diffraction patterns of BFTO at different pressures.

Figure 13 shows the pressure dependence of the lattice parameters, which were kept as
independent fitting variables. Increasing the pressure, a and b decrease following the expected
volume lowering, but it is interesting to notice that above 3 GPa, these parameters converge to
the same value within the uncertainty, suggesting an orthorhombic (OL) to tetragonal (TI)
structural phase transition. This effect is evidenced by the (020)OL and (200)OL peaks
observed around 13.270 in the orthorhombic phase, which becomes a single peak (200)TI above
3 GPa, as it is shown in Figure 13b. To test this hypothesis, two tetragonal phases were used in

new refinements. The apparent first proposal was the archetypal tetragonal body-centered

lattice with ay; = v2ay;, but this structure did not provide reliable results. Instead, stable
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values were obtained with a primitive lattice with ay; = ag;. The lattice parameters in the
stability region of the tetragonal phase are included in Figure 14. Above 7.5 GPa, the crystal
lattice can no longer be described as tetragonal, and a new phase transition transforms BFTO
into an orthorhombic structure different from the one at ambient conditions. This transition is
marked by a significant split between a and b, but just a small slope change in the ¢ dependence
on the applied pressure was observed. Thus, none of the described transitions seems to change
the lattice periodicity along the [001] direction, suggesting that the driven mechanism should
be related to an orthorhombic distortion in the ab plane. Finally, around 10.5 GPa, a subtle
change in the behavior of b suggests the existence of a new event, which is evidenced by a
discontinuity in the pressure dependence of the W parameter of the Caglioti’s relationship for
the FWHM peak profile. Notice that this parameter also exhibits a discontinuity around 3 GPa
showing sensitivity to the structural phase transitions. However, this evidence is not enough to
confirm the existence of a new phase above 10.5 GPa. Summarizing, SXRPD experiments

suggest the following sequence of phase transition for BFTO:

Orthorhombic 3.2 GPa
E—

7.5 GPa . 10.5GPa
A2.am Tetragonal —— Orthorhombic —— New phase
1
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Figure 14: Pressure dependence of the orthorhombic lattice parameters (a,b,c) and FWHM (W) of BisFeTi3Ois. ar
and cr are the results of the refinement with a tetragonal structure. Red dashed lines indicate the proposed structural

phase transitions.

Raman spectroscopy is a reliable technique to detect structural phase transitions since it
is highly dependent on local symmetries, mainly in compounds where the structural phase
transitions are due to small atomic displacements, as it is usual in perovskites and Aurivillius
phases. Thus, Raman spectroscopy measurements under hydrostatic-pressure were employed

to corroborate the SXPRD results.

Figure 15 shows the pressure-dependence Raman spectra of the BFTO from ambient
pressure up to 15.2 GPa. The ambient pressure Raman spectrum was modeled using 19
Lorentzian bands. Furthermore, Table 2 lists the Wyckoff sites and their contribution to the

Raman active irreducible representations of orthorhombic (A2;am, C12

) and archetypal
tetragonal Aurivillius phase (I4/mmm, D). Since there is a group-subgroup relationship
between these structures, the site symmetry reduction was easily calculated with the help of the
tools available in the Bilbao Crystallographic Server [129], showing the Wyckoff sites

correlation between these phases.
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Figure 15: Pressure dependence of the Raman spectra of BisFeTi3O1s. The colors represent the structural phase

transitions proposed by SXRPD.

The first inspection of the group theory results evidences a significant difference
between the predicted (141) and observed (19) number of modes. The discrepancy can be
attributed to the very low distortion of the orthorhombic structure compared to the tetragonal
one. As discussed before, the orthorhombic phase of BFTO derives from the ideal archetypal
four-layer member of the Aurivillius series by the tilting of the (Ti/Fe)O¢ octahedra and the
displacement of the Fe/Ti cations in the perovskite layers, which leads to the loss of the
inversion center.[117] As a non-centrosymmetric lattice, active infrared modes from 2a and 2b
sites of the tetragonal structure become Raman active in the orthorhombic phase, but the
corresponding Raman activity could be expected to be low due to the small orthorhombic
distortion. Another effect that needs to be considered is the increase of the molecules per unit

cell, which, combined with the symmetry lowering, increases the number of Raman active
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modes originated by each lattice site. Considering these facts, it is not surprising that the number
of observed modes resembles the one from the tetragonal phase (22) since the orthorhombic
distortion could not be enough to clearly split the new modes, giving rise to broad bands [130].
The proposed model is also supported by Raman spectra recorded as a function of temperature
by Jian et al. [120], showing that, as temperature decreases, the main bands are preserved, but

split, at the phase transition between the paraelectric and ferroelectric to orthorhombic phases.

The Raman spectrum of compounds with layered Aurivillius structure is usually
discussed in terms of the low and high-wavenumber modes, which are observed, respectively,
below and above 200 cm™! [131-133]. The low-wavenumber modes are classified as external
modes and related to large atomic masses. Thus, the modes observed below 70 cm™! originate
in rigid displacements of the Bi** atoms in the Bi>O; layers (Figure 15). The modes associated
with the A cations in the pseudo-perovskite slabs are in the range between 100 and 150 cm™.
The (Ti/Fe)Os octahedra internal vibrations occur above 200 cm™! since the intragroup binding
energy within this octahedra is much larger than the intergroup or crystal binding energy [24].
Three distinct groups of bands are associated with bending (~265 cm™'), bending/stretching
combinations (~350 cm™), and stretching (~550 cm™) of the TiO¢ octahedra [120,132,134].
Vibrational bands around 700 cm™ have not been observed in bismuth layered oxides with
titanium-based octahedra, such as Bi4Ti3012, SrBisT14015, CaBi4T14O15, PbBi4T14015[132], but
they are present in structures containing iron, e.g., LaBisFeTizO1s, YBisFeTi3O1s and
LaFeOs[135]. Thus, this band can be attributed to the stretching of the FeOg octahedron. The
presence of these octahedra also leads to the band splitting into the other internal mode regions.
A mode around 860 cm™! is commonly observed in the Bi-layered Aurivillius structures but not
in simple perovskites containing the same oxygen octahedra. However, there are some
controversies in the assignment of this band since some authors related it to the A-O stretching
due to its dependence on the A cation substitution [132], whereas most of the reports include it
among the oxygen octahedra internal modes [133,136—138]. Finally, weak bands around ~1000
cm’!, which are not always reported, could be associated with overtones and/or combinations

of fundamental vibrational modes.
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Table 2: Raman active modes and site symmetry in the archetypal tetragonal and ambient conditions orthorhombic

phases of BFTO.

Atom  [4/mmm FDR4h A2;am FCRZ y

Bi 2a 4a 2A, ®© A, ® B, D 2B,
2x Bi 4e Ay D Eg 8b 3A, ® 3A, @ 3B, & 3B,

2xTi/Fe 4e Ay D Eg 8b 3A, ® 3A, @ 3B, & 3B,

O 2b 4a 2A DA, DB, D 2B,

0) 4d Big @ Eg 8b 3A, ® 3A, @ 3B, & 3B,
2x O 4e Ay D Eg 8b 3A, ® 3A, @ 3B, & 3B,
2x O 8g A1y @ By D 2E, 2x 8b 3A; @ 3A, ® 3B; @ 3B,
Total 84,45 @ 3By @ 11E, 36A, @ 35A, D 34B, @ 36B,

The evolution of the phonon modes under increasing hydrostatic pressure is shown in
Figure 16, where dashed vertical lines indicate the proposed phase transitions. The
deconvolution of the Raman spectra at selected pressures is shown in Figure 17, where arrows
indicate the vibrational bands fingerprinting the phase transitions. Before discussing in detail
these results, it is essential to point out that the pressure dependence of the vibrational modes
of BFTO is fully reversible. Many spectra were recorded releasing the pressure, being processed
using the same methodology without showing significate differences with the data presented in
Figure 16. Due to that, for simplicity, the results obtained releasing the pressure were not

included in this figure.
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Figure 16: Pressure dependence of the energy of the Raman-active modes of BisFeTi3Os. Red dashed lines

indicate the proposed structural phase transitions.

The first structural phase transition is evidenced in all the previously described spectral
regions. Thus, the Bi»O»-layer external modes at 52 and 61 cm™! [23] and the octahedra bending
modes at 265 and 280 cm™! merge into single modes above 3.2 GPa. Furthermore, the raising
of new bands (697 and 995 cm™!) and slope changes (65, 146, 228, and 543 cm™') are also
noticed at the same pressure. As stated, the unconstrained Le Bail fit suggests a tetragonal
structure due to the overlap of the a and b lattice parameter. From the group theory point of

view, degenerated irreducible representations are characteristic of tetragonal space groups.
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Thus, in any orthorhombic-tetragonal phase transition, it is expected that two unidimensional
representations should merge into a degenerated one, for example, in the case listed in Table 2:
B; @ B; — Ej. In our results, this effect was observed in both external and internal modes under
hydrostatic pressure, several authors were reported similar signatures of an orthorhombic-
tetragonal at high temperatures, where Aurivillius structures transform into the archetypal phase
[138,139]. These features not only confirm the structural phase transition observed in SXRPD

measurements but also provide information about the symmetry changes.
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Figure 17: Deconvolution of Raman spectra at selected pressures. Arrows indicate changes in the
vibrational modes.

The high-pressure transition around 10.5 GPa is fingerprinted by the oxygen octahedra
internal modes through the vanishing of a mixed bending/stretching mode of the octahedra
around 390 cm™! and a small discontinuity in the bending around 270 cm™. A larger anomaly

is also observed in the Bi»O»-layer external mode (~75 cm™). Even considering these results,
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the nature of the third event cannot be depicted entirely. It could be argued that the high-pressure
phase is related to an amorphization process, but this phenomenon is usually continuous, and
sudden changes are observed in the parameters of the Raman spectra and powder patterns.
Furthermore, an amorphization should broaden the SXRPD peaks, but the Le Bail fit shows the
Caglioti’s parameter lowers above 10.5 GPa. No amorphization effects were noticed in other
Aurivillius structures under pressure, being all the observed transitions reversible [126]. The
closer member to BFTO investigated at high-pressures, BisTi3012, also exhibit structural phase
transitions at 3 and 11 GPa[140]. Thus, the combined results of the Raman and SXRPD
experiments support the existence of a new crystalline phase above 10.5 GPa, but its symmetry

remains unknown.

Spontaneous lattice distortions are one of the most significant physical effects that
accompanies a structural phase transition when symmetry lowers. They can be described
adequately through the spontaneous strain tensor [141]. In these cases, the spontaneous strain
might induce the phase transition or could be coupled with another driving mechanism.
Therefore, we investigated the pressure dependence of the spontaneous strain, which was
calculated based on the observed lattice parameters, to get insights about the nature of the
structural phase transition of BFTO. Here, the non-zero components of the spontaneous strain,
calculated based on tetragonal-orthorhombic change, are defined as: e; = (a — ay)/ag, €; =
(b—ag)/ay, and ez = (c—cgy)/cy, where a, b and c are the lattice parameters of the
orthorhombic phase and a, and ¢, are the lattice parameters of the tetragonal phase
extrapolated into the stability field of the orthorhombic phase [142]. The pressure dependence
of the square of the spontaneous strain is shown in Figure 18. Based on Landau free energy
expansion, for an orthorhombic-tetragonal phase transition, a linear coupling in the form of
Q? « P is predicted for a second-order phase transition, where Q is the driving order parameter
[141,143]. The adapted symmetry-breaking strain e; —e, = (a —b)/a, has a linear
dependence with Q and, usually, it has been used as an order parameter to describe proper-
ferroelastic phase transitions[143—-146]. The square of the symmetry-breaking strain as a
function of pressure shows that e; — e, is zero in the tetragonal phase, whereas over the entire
pressure interval of the first orthorhombic phase is proportional to Q. The best fit of the
(e, — e,)? data present a linear behavior with increase of pressure, which is consistent with the
character of a second-order proper ferroelastic phase transition [141,143]. The linear
extrapolation of the order parameter to zero strain gives a transition pressure point of 3.8 Gpa

in good agreement with both SXRPD and Raman analysis, and leaving at 3.21 GPa below
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within the stability field of the tetragonal phase [147]. Similar results of second-order phase
transitions induced by temperature were already reported for BFTO and for other compounds
of the Aurivillius family [107,121,148,149]. Finally, the inset in Figure 18 shows a
discontinuity in the order parameter for pressures higher than 7.5 GPa. This discontinuity in the
order parameter strongly suggests a first-order phase transition [150] from a tetragonal to a new
orthorhombic phase. The strain values remain constant up to the limit of the investigated

pressure range, not evidencing the third phase transition.
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Figure 18: Square of the symmetry-breaking strain as a function of pressure. The dashed line represents the best

fit curve of the data below to the transition point.
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4.4, Conclusions

In summary, the effect of high-pressure on the crystalline structure of the multiferroic
ceramic BisTisFeOis was investigated. Combining the results from synchrotron x-ray powder
diffraction and Raman spectroscopy, three structural phase transitions were identified. Around
3.2 GPa, BFTO undergoes an orthorhombic-tetragonal transformation, which exhibits a second-
order character based on the analysis of the symmetry-breaking strain. Above 7.5 GPa, a phase
transition from tetragonal to a new orthorhombic phase is observed. The discontinuity in the
strain suggests this transformation the evidence of a first-order phase transition. Also, subtle
changes in the Caglioti’s function parameters and Raman spectra above 10.5 GPa indicate the

onset of another phase, whose symmetry was still unknown.
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5. Pressure-Induced Structural Phase Transition on the
Multiferroic Ceramic CaMn;012

In this chapter, we investigate the CaMn;012 (CMO) compound, which has recently
emerged as a unique multiferroic material exhibiting large induced electric polarization. CMO
crystallizes in a rhombohedral structure at room temperature and undergoes a structural phase
transition (SPT) at high temperatures. In this chapter, we show that CMO exhibits at least two
SPT induced by hydrostatic pressure. CMO transforms into a monoclinic structure around 9.9
GPa and undergoes a shear of monoclinic phase for pressures higher than 13.3 GPa. For
pressures above 17.0 GPa subtle changes in the lattice parameters are observed, suggesting a

new phase transformation of CMO.

5.1. Introduction

A-site-ordered quadruple perovskites (AMn7O12) have been attracting a lot of attention
since CaMn7012 (CMO) has emerged as a singular multiferroic material exhibiting the largest
recorded magnetically-induced electric polarization [151-154]. The origin of the electric
polarization in this compound is due to two effects contributing equally: the exchange striction
interaction, which determines the polarization magnitude, and the Dzyaloshinskii-Moriya (DM)
interaction, driving the polarization direction [154—156]. This model is also applied to explain
the magnetically-induced ferroelectricity in other quadruple perovskites, such as StMn7012,
PbMn7012, and CdMn7012 [157]. However, Tereda et al. suggested, based on the pyroelectric
and bias electric field measurement, that such a high electric polarization in quadruple
perovskites is not intrinsic but due to thermally stimulated currents (TSC) [158]. Also, no
ferroelectric transitions were observed in RMn7O12 with R = Sm, Eu, Gd, and Tb quadruple
perovskites [159]. At low temperatures, CMO undergoes an unusual phase transition,
exhibiting an unconventional incommensurate orbital ordering at 250 K. Such orbital ordering
stabilizes the CMO chiral magnetic structure [151,156,160,161]. Two antiferromagnetic (AFM)
transitions were recorded at 7y = 90 K, where ferroelectricity appears, and Ty2 = 45 K,
associated with multiple propagation vectors [162—164], but no additional structural phase

transitions were observed below 250 K.
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Despite the thorough discussion on the CMO ferroelectric and magnetic properties
[151,154-156,158], few investigations were focused on the structural phase transitions (SPT)
undergone by this compound. At high temperatures, CMO crystallizes in a cubic structure
belonging to the Im3 space group. Around 440 K, it undergoes a simultaneous charge-ordering
and SPT transforming into a rhombohedral structure with R3 symmetry [165-168]. In fact,

there is a cubic-rhombohedral phase coexistence temperature range down to 400 K.

Recently, a high-pressure investigation showed that the isostructural quadruple perovskite
NaMn70O1; exhibits an insulator-to-semimetal transition around 18 GPa. Such transition is due
to Mn charge transfer, which leads to a metallic behavior [164], but high pressure does not
affect the NaMn7O1; crystalline structure. Regarding CMO, there are neither reports on
pressure-induced SPTs nor on changes in its electronic properties. However, the effect of the
Sr-substitution on CMO, which generates a “negative” chemical pressure in the structure since
St 1on is bigger than Ca, was investigated [169]. In this case, the authors observed a decreasing
in the R3 — Im3 SPT temperature, but any change in the electric properties was observed.
These results suggested that high-pressures could induce structural changes in CMO. Thus, the
aim of this study is to investigate the structural behavior of CMO under high hydrostatic

pressures.

5.2. Experimental

Polycrystalline CMO powder was prepared at room temperature by Pechini method as
described elsewhere [160]. For this purpose, stoichiometric amounts of CaCOs3 (Panreac,
>98%) and Mn(NO3)2H>O (Aldrich, >98%) were dissolved in a 1M citric acid aqueous
solution and then added the same volume of ethylene 45 glycol. After, we diluted the obtained
solution in 100 ml of water. The resulting solution was then heated at 200 °C until a highly
viscous resin was formed, whose organic matter was decomposed at 400 °C obtaining the
precursor powder. The precursor powder was placed in an agate mortar and ground carefully
for about 20 minutes with a pestle until to get a homogenous black powder. The powder was
heated in air at 800 °C/60 h, 900 °C/24 h (two times), and 950 °C/24 h (two times), respectively,

with intermediate grinding and pelletizing.
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5.3. Results and Discussions

Synchrotron X-ray Powder Diffraction (SXRPD) experiments were performed at the
XDS beamline of the Brazilian Synchrotron Laboratory (LNLS) under high-pressure 54
conditions using monochromatic synchrotron radiation with 4 = 0.602495 °A. More details
about this beamline can be found in Ref. [99]. High pressure was applied by using a diamond
anvil cell (DAC) with Ne gas as pressure-transmitting media for hydrostatic conditions [99].
The patterns were collected at pressures up to 18.9 GPa. After closing the DAC, the initial
pressure was 3.0 GPa. Therefore, the experiments were performed on the range from 3.0 GPa
up to 18.9 GPa. The two-dimensional SXRPD patterns were integrated to provide intensity as
a function of 26 using the software FIT2D [102]. Le Bail method [170] was employed to obtain
structural information using FullProf software [128] with initial lattice parameters obtained
from the room pressure phase data [160]. The peak of Mn3O4 hausmannite secondary phase,
which is common in CMO synthesis [160] was not taken into account in the fit. For high-
pressure diffractograms, as a useful complementary tool to Le Bail method, the Dicvol06 [171]
algorithm, available in the software WinPLOTR [172], was used to indexing the new phases.
The higher figure of merit (FoM) [173] was used to check the reliability of the solutions, and

the lattice parameters obtained from Dicvol06 were used to perform the Le Bail method.

Figure 19 shows the pressure-dependent SXRPD patterns obtained for CMO. The broad
diffraction peak marked with * around 260 = 17.2° is due to the stell gasket [27]. At theinitial
pressure, the known R3 rhombohedral phase fits well the SXRPD pattern. Such a structure
describes the CMO powder patterns up to 9.1 GPa, as it is shown in Figure 19(b). However, we
can clearly observe a remarkable change in the crystalline structure at pressures higher than 9.9
GPa, when a peak splitting occurs approximately at 19.2° (see Figure 19(b)), and a new peak
can be observed around 26 = 17.0° at 13.3 GPa. The occurrence of new peaks indicates CMO

would undergo a symmetry reduction.
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Figure 19: Pressure-dependent SXRPD diffractograms obtained for CMO. The asterisk symbol * mark the Bragg

peak from the steel gasket. The arrows indicate the rise of new peaks at 9.9 and 13.3 GPa.

First, we checked if these transformations could be a decomposition since CMO can be
decomposed into CaMn30¢ and Mn20O3 under thermodynamic changes. At high pressures, cubic
Mn;0Os transforms into an orthorhombic structure [28]. However, for all investigated pressures
by Hong et al. [28], its diffraction patterns exhibit a strong diffraction peak 26 = 9°, which is
not observed in our diffraction patterns. Unfortunately, it was not reported investigations on

CaMn30g under pressure. At room pressure, Hadermann et al. [29] reported that CaMn3Og
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crystallizes into a monoclinic structure belonging to the P21/a space group. Comparing CMO
and CaMn30Og diffraction patterns for pressure up to 18.9 GPa, we can see that no diffraction
peaks exhibited by CMO coincide with CaMn3Os; while at 18.9 GPa, only two peaks around
20 = 15.25¢ coincide. If we suppose that CaMn30Og do not undergo any phase transformations at
high pressure, due to the volume contraction should have a diffraction peak shifts. However,
even with this shift, the diffraction patterns do not coincide. So, we can assume the
transformation observed into CMO under pressure is not a decomposition into CaMn30O¢ and

Mn;03, rather a structural phase transition (SPT).

The high-pressure patterns above 9.1 GPa were indexed with the best FOM using the
Dicvol06 program [24] as a monoclinic system. Due to the limited angular range imposed by
the diamond anvil cell, it was not possible to perform a complete structural resolution. Instead,
a detailed investigation using the Le Bail method was applied to check the adequate symmetry
of high-pressure patterns. The low-pressure patterns were successfully indexed with a
rhombohedral structure (Figure 20a). Above 9.1 GPa, the new diffraction peaks belong to Akl
family planes are prohibited in the rhombohedral structure, and the crystal lattice can no longer
be described as a rhombohedral phase. In this structure, the extinction rules force the condition

—h + k + [ = 3n, in which 7 is an integer.

The splitting of the rhombohedral (402) peak at 20 = 19.2° is the onset of the first
pressure-induced structural phase transition from a rhombohedral to a monoclinic system

undergone by CMO for pressures above 9.9 GPa. Hence, the rhombohedral lattice parameters

converter to a monoclinic one with a,, = V3ag, b,, = ag, ¢y, = 1/2 cg, and the monoclinic
angle B = 94.3°. The pressure-dependence of lattice parameters is shown in Figure 21. The
change in lattice parameters shows a reduction in the stacking along of [001] direction. Above
13.3 GPa, the high overlap of the broad peaks and a significant jump in the monoclinic angle
followed by a change in the volume strongly suggest CMO undergo a new monoclinic phase
transition (see Figure 21b,c). Besides, a new peak arising at 260 = 17.0° for pressures above
13.3 GPa has been observed in the SXRPD pattern. This peak became apparent, which was not
evident in the range of 9.9 — 11.8 GPa, maybe to be overlapped with the steel gasket peak.
Finally, subtle changes in the volume were observed for pressures higher than 17.0 GPa, which
can be associated with low intensity and broadness of the peaks. Those changes suggest a new
phase transformation of CMO; however, the pressure data are not sufficient to confirm the

character of this transformation. A shear distortion model of the rhombohedral unit cell based
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on monoclinic lattice parameters 1 + 3c,, cos f/a,, [174] (Figure 21b) was performed and

agreed with the phase transitions discussed here.
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The bars show Bragg reflection positions. The jump around 26 = 13.0° corresponds to the Mn304 hausmannite

secondary phase peak exclude from the fits.

An orthorhombic model with lattice parameters close to monoclinic one was also

proposed for high-pressures. The lattice parameters with a,, = ag, b, = V3ay agreed with

a decrease in the symmetry of a rhombohedral to a C-centered orthorhombic symmetry [175].

This model adjusts the patterns up to 11.3 GPa, but above this pressure value, the Le Baill fit
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did not provide reliable results, and a satisfactory orthorhombic model was not achieved.
However, a search for a pseudosymmetry of the monoclinic lattice in the range of 9.9 -11.3 GPa
(using the program implemented in the Bilbao Crystallographic Server platform) suggests a C-
centered orthorhombic system with a high tolerance factor. In comparison, a pseudosymmetry
search for pressures high than 13.3 GPa indicates that the monoclinic system is the most
probable. Therefore, despite the robustness of the Le Bail fit for the orthorhombic model, the
monoclinic system proved to be more reliable. For clarity, the lattice parameters of the

orthorhombic model are included in Figure 21a,c.
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Figure 21: Pressure-dependent crystalline structural data for CMO. (a) Lattice parameters - green dots correspond
to the lattice parameter of the orthorhombic model. (b) The monoclinic angle B (green line) and the monoclinic
shear (blue line). (c) Volume - black lines indicate the pressure-dependent volume fit by the Birch-Murnaghan

equation. Red dots correspond to the orthorhombic model.

Unfortunately, the number of diffraction peaks hindered the determination of the
crystalline structure, just the crystalline system in each phase was identified. However, we can
investigate the bulk modulus from the volume curves. The Bulk modulus can be obtained from

Birch—Murnaghan equation of state [176,177].
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where P is the pressure, V, is the reference volume, V is the deformed volume, B, is the bulk
modulus, and By is the bulk modulus derivative with relation to the pressure. The Birch—
Murnaghan (BM) fit is shown in Figure 21c for both rhombohedral and monoclinic phases. The
black line in Figure 21c shows the best BM fit for the pressure-dependent volume of CMO. We
can see the volume decreasing due to the pressure increase is almost linear (linear fits with R?
> 0.97), which suggests an elastic constant (derivative of the Bulk modulus) approximately
equal 4. Assuming this value in both phases, which is a usual procedure in linear behaviors in
similar materials (see Ref. [178]), the best fit in the rhombohedral phase shows that the bulk
modulus is 146 + 4 GPa and in the monoclinic phase is 103 + 3 GPa. These values are
compatible with those observed in LaCusFe4O12 by Long et al. [178]. The values of the first

monoclinic phase were not fitted to the BM due to the limited pressure-volume data.

As discussed before, NaMn7012 was submitted to high hydrostatic pressure up to 40
GPa, but any SPT was observed. The crystalline structure of this compound was investigated
using single-crystal X-ray diffraction, whereas electrical resistance measurements carried out
on powdered samples showed an insulator-to-semimetal transformation in the electric behavior.
Also, LaCusFe4O1; exhibits an isostructural phase transition at 3.5 GPa [178], in which a first-
order charge-transfer transition from a LaCusz Fes O12 low-pressure phase to a high-pressure
LaCu3 Fei™ 012 was observed. In both cases, NaMn7Oi; and LaCusFesO12, a volume
reduction was found at the electric transitions. Finally, CaCu3Ti4O12 was investigated up to 46
GPa by synchrotron X-ray powder diffraction, and any SPT was observed [179]. Therefore,
CMO is one of the first quadruple perovskitesin which it is seen as a pressure-induced non-

isostructural phase transition.

5.4. Conclusions

In conclusion, we showed that CMO undergoes two structural phase transitions under
hydrostatic pressure. The first one around 9.9 GPa and the second one above 13.3 GPa. In the
first transition, the rhombohedral structure transforms into a monoclinic structure, while in the
second phase transition, CMO has undergone a shear distortion of the first monoclinic phase,
which is accompanied by a jump in the monoclinic angle B. For pressures high 17.0 GPa subtle

changes in the volume suggest CMO can undergo a new phase transition.
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8. General Conclusions

The main structural characteristic of the layered related-perovskites structures is the
octahedra framework, which can be modified varying the temperature or applying hydrostatic
pressure. Once the cations displacements and octahedral distortions are pressure/temperature-
sensitive, changes in the multiferroic, optical, and electronic properties can be expected at
extreme conditions [15,54]. Therefore, the in situ high-pressure/temperature experiments are a
straightforward and robust way to explore the structural and ferroic properties of these materials
[16,59,222,225,227]. In this thesis, the physical properties of several perovskites-based
structures were investigated at extreme conditions and correlated with structural phase

transitions.

The crystalline structure of the multiferroic compounds BisTizFeO;s (BFTO) and
CaMn7012 (CMO) was investigated under high-pressure conditions. For BFTO, using
synchrotron X-ray powder diffraction and Raman spectroscopy, three structural phase
transitions were identified. Around 3.2 GPa, BFTO undergoes an orthorhombic-tetragonal
transformation, which exhibits a second-order character based on the analysis of the symmetry-
breaking strain. Above 7.5 GPa, a phase transition from tetragonal to a new orthorhombic phase
is observed. The discontinuity in the strain suggests this transformation the evidence of a first-
order phase transition. Also, subtle changes in the Caglioti’s function parameters and Raman
spectra above 10.5 GPa indicate the onset of another phase, whose symmetry was still unknown.
The CMO undergoes two structural phase transitions under hydrostatic pressure. The first one
happens around 9.9 GPa and the second one above 13.3 GPa. In the first transition, the
rhombohedral structure transforms into a monoclinic structure, while in the second phase
transition, CMO has undergone a shear distortion of the first monoclinic phase, which 1is
accompanied by a jump in the monoclinic angle . For pressures high 17.0 GPa subtle changes

in the volume suggest CMO can undergo a new phase transition.

The all-inorganic Cs2Pbl,Cl> Ruddlesden-Popper phase was investigated at low
temperatures employing Stokes and Anti-Stokes Raman measurements and photoluminesce in
the range of (300 — 16 K). The Raman spectra revealed no significant changes as temperature
decrease, indicating that no structural phase transitions are expected at low temperatures.

However, at ambient conditions, the Raman spectra of Cs2PbI>Cl»is marked by the presence of
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nonresonant overtones, which can be associated with the intrinsic structure of natural quantum
wells. The linewidth temperature dependence analyses of the photoluminesce spectra revealed
a strong electron-phonon coupling. The most intense infrared active LO phonons were observed
to couple with the second photoluminesce, whereas the new photoluminescence band rising
around 60 K is observed to couple with the first overtone wy; = 115 + 19 cm™!. The results
suggest that the second-order Raman scattering is mediated by bound excitons within the

Cs2PblbCl, Ruddlesden-Popper structure.

The structure evolution of luminescent Cs4PbBre single crystals under high-pressure
conditions by synchrotron X-ray diffraction and Raman spectroscopy was investigated. The
structural analysis demonstrated that its structure undergoes two phase transitions around 3.2
and 4.5 GPa. The first phase transition was also observed in nanocrystals, but the second seems
to be characteristic of bulk crystals. In our Cs4PbBre bulk SCs, the PL emission is completely
suppressed at 3.5 GPa, indicating that in this structure, the monoclinic phase does not produce
a favorable condition for PL phenomena. In line with the other OD perovskites systems studies
under high-pressure conditions, the PL of our system is very similar to the one reported for
Cs3Bizls. Our findings provide valuable insight into the luminescence mechanism making
significant inroads into green photoluminescence origin understanding and shedding light on
the structural characteristics and PL properties of luminescent Cs4PbBrs single crystals under

extremes conditions.
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