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ABSTRACT 

Metal halide perovskites are versatile materials with numerous promising applications in solar 

cells, semiconductors, electronic devices, and optoelectronic performance. Studying reveals 

interesting and important physical properties that are strongly related to the 

pressure/temperature-induced modifications on their crystal lattice and structural phase 

transitions. For example, the  Erythrosiderite-halides complexes, such as A2FeCl5.H2O with A 

= Cs, Rb, K or NH4, exhibit at room temperature an orthorhombic structure Pnma or Cmcm. 

The Cs2FeCl5.H2O (Cmcm) at Tt = 156 K undergoes a structural phase transition (SPT) to a 

monoclinic (C2/c) structure that could be related to the ferroelastic mmmF2/m type. The strains 

in the sample were analyzed based on Landau theory and using Raman spectroscopy. The results 

define a new ferroic order in the sample. Other like-perovskites with the general formula ABX3 

can be described by the most common space group P63/mcc. The hybrids based on 

dimethylammonium [(CH3)2NH2]
+, such as DMAPbX3 with halide ions X = Br or I, undergo a 

structural phase transition at Tt = 250 K via an order-disorder mechanism. At low temperatures, 

the strong electron-phonon coupling permits self-trapped exciton states, modifying the 

photoluminescence (PL) profile and increasing new band contributions and an emission change 

of the PL from orange-red to bright red. A thermochromic effect is also observed in DMAPbI3 

after Tt. CsCuCl3, with the same P63/mcc crystal structure, was studied at low temperatures and 

high-pressure, and spin-phonon coupling (SPC) was verified with decreasing temperature. A 

paramagnetic to antiferromagnetic phase transition permits the SPC effect, but an anomalous 

phenomenon was identified at T* = 15 K. At high pressure, a structural phase transition to C2 

was found, and the bulk modulus sample for each phase was calculated, indicating potential 

applications for the compound. The investigation revealed that the SPT involves the 

reorganization of the internal [CuCl6]
4- octahedra, with Cl-Cu-Cl bending contributing more 

than Cl-Cu-Cl stretchings. In this context, the results of the structural-property relations in past 

metal halide like-perovskites pave the way for developing new and improved devices and 

technologies. 

Keywords: metal halide like-perovskites; structural phase transition; x-ray diffraction; Raman 

spectroscopy, extreme conditions. 



RESUMO 

As perovskitas de haleto metálico são materiais versáteis com numerosas aplicações 

promissoras em células solares, semicondutores, dispositivos eletrônicos e optoeletrônicos. O 

estudo desses materiais revela propriedades físicas interessantes e importantes que estão 

fortemente relacionadas às modificações na rede cristalina e transições de fase estruturais 

induzidas por pressão/temperatura. Por exemplo, os complexos de eritrosiderita-halogeneto, 

como A2FeCl5.H2O com A = Cs, Rb, K or NH4, exibem, a temperatura ambiente, uma estrutura 

ortorrômbica Pnma ou Cmcm. O Cs2FeCl5.H2O (Cmcm) em Tt = 156 K sofre uma TFE para 

uma estrutura monoclínica (C2/c) que pode estar relacionada ao tipo ferroelástico mmmF2/m. 

As deformações na amostra foram analisadas com base na teoria de Landau e com 

espectroscopia Raman, ambos resultados definem a nova ordem ferroica na amostra. Outras 

perovskitas do tipo ABX3 são descritas pelo grupo espacial P63/mcc. Amostras híbridas 

baseadas em dimetilamônio [(CH3)2NH2]
+, como DMAPbX3 com íons de haleto X = Br ou I, 

sofrem uma transição de fase estrutural em Tt = 250 K por um mecanismo de ordem-desordem. 

Em baixas temperaturas, o forte acoplamento elétron-fônons permite estados de éxciton 

autoprisionados modificando o perfil da fotoluminescência (PL), resultando em um aumento 

nas contribuições de novas bandas e uma mudança na emissão da PL de laranja-vermelho para 

vermelho brilhante em DMAPbI3. Um efeito termocromático também é observado em 

DMAPbI3 após Tt. O CsCuCl3, com a mesma estrutura cristalina P63/mcc, foi estudado em 

baixas temperaturas e altas pressões. Um acoplamento spin-fônon (ASF) foi verificado com a 

diminuição da temperatura.  Além disso, um fenômeno anômalo foi identificado em T* = 15 K, 

e foi interpretado em termos de uma frustração magnética via interação Dzyaloshinskii–Moriya 

(DM). Sob alta pressão, uma TFE para C2 foi encontrada, o módulo de bulk da amostra para 

cada fase foi calculado, indicando aplicações potenciais em eletrônica flexível para o composto. 

A investigação revelou que a TFE envolve a reorganização dos octaedros internos [CuCl6]
4-, 

com a flexão Cl-Cu-Cl contribuindo mais do que as distensões Cl-Cu-Cl. Neste contexto, os 

resultados das relações estrutura-propriedade em perovskitas do tipo haleto metálico abrem 

caminho para o desenvolvimento de novos dispositivos e tecnologias. 

Palavras-chave: perovskitas de haleto metálico, transições de fase estruturais; difração 

de raios-x, espectroscopia Raman, condições extremas. 
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1 INTRODUCTION 

Materials based on perovskite crystal structures have emerged as promising and 

efficient low-cost solutions for various optoelectronics, multiferroics, and photonics device 

applications in recent years (Dong et al., 2023; Lu et al., 2023). The perovskite crystal structure 

consists of a corner-sharing BX6 octahedron, with A elements occupying the cuboctahedral 

cavity in each unit cell (see Figure 1). These materials crystallize with the general chemical 

formula ABX3, where A and B are cations, and X is the halide anion. Deviations from the ABX3 

stoichiometry can be achieved through total or partial substitution of chemical elements in their 

proper A, B, or X positions (Jin, 2021). Such substitutions can modify the crystal structure and 

lead to the development of new properties, facilitating the establishment of structure-property 

relationships in these compounds. Currently, this topic is of high interest in the research 

community, as it is driving the development of new and advanced materials for various 

technological applications (Zhu e Zhu, 2020). 

Figure 1 – Standard cubic metal halide perovskite. Shown in display styles evidencing all atoms 

(left) and the BX6 octahedral network (right). (CsPbI3 (Pm3̅m)- ICSD: 161481). 

 

Source: Elaborated by the author. 

The origin of the word perovskite dates to Gustav Rose discovery, the calcium 

titanate (CaTiO3) in 1839, which he named in honor of the Russian mineralogist Count Lev 

Perovski. Nowadays, perovskite refers to a large group of compounds with a crystal structure 

resembling calcium titanate (Nam-Gyu Park, Michael Grätzel e Tsutomu Miyasaka, 2016). 

Perovskite materials are characterized by their archetypal system, with accessible cubic, 

tetragonal, orthorhombic, trigonal, and monoclinic polymorphs (Akkerman e Manna, 2020; 
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Alaei et al., 2021), with their structural phase transitions (SPT) as a function of temperature and 

pressure. Briefly, metal halide perovskites are compounds formed from halide salts (chloride: 

Cl, bromide: Br, and iodide: I) that crystallize in the ABX3 structure. These compounds can be 

formed with both the fully inorganic and hybrid organic-inorganic structures (Xiao, Song e 

Yan, 2019; Zhou et al., 2019). The modification of the network of corner-sharing BX6 octahedra 

defines the metal halide perovskites (MHPs) crystal lattice. Due to lattice distortions, the MHPs 

usually reduced their symmetry compared to the main form ABX3, as described in Figure 2. 

While the number of natural perovskite minerals is limited, synthetic compounds can be created 

across all the periodic table, which derivatives in many complex formulas, and perovskite types 

such as metallics, metal-free, and oxides and like-perovskites, indicating an adaptable crystal 

lattice (see Figure 3).   

Figure 2 – Overview of different halide perovskites. a) Standard ABX3 cubic perovskites. b) 

Anti perovskites, with A being a monovalent metal, X a halide, and Y a chalcogenide. c) 

Common orthorhombic and tetragonal disordered perovskites arise from the tilting of the 

octahedra. d) Vacant BX3 perovskites, like AlF3. e) Ordered perovskites, where two M (II) 

metals are replaced by a M (I) and M (III) metal. f) Vacancy-ordered perovskites, where a part 

of the B-site cations is replaced with a M (III) or M (IV) and vacancies. 

 

Source: (Akkerman e Manna, 2020) with adaptations. 

An important characteristic of perovskite structures is their close packing, which is 

quantified by the Goldschmidt tolerance factor, 𝑡, given by the equation: 
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𝑡 =
𝑟𝐴 + 𝑟𝑋

√2(𝑟𝐵 + 𝑟𝑋)
                                                                (1) 

Equation (1) is a well-known description that has been extensively used to predict 

the stability of perovskite structures based on the chemical formula ABX3, and the ionic radii 

𝑟𝐴, 𝑟𝐵 and 𝑟𝑋 of each ion (A, B, X). However, this equation does not always correctly distinguish 

between perovskites and like-perovskite compounds. To address this issue, a better 

approximation of the tolerance factor (𝜏) has been proposed as follows (Bartel et al., 2019): 

𝜏 =
𝑟𝑋

𝑟𝐵
− 𝑛𝐴 (𝑛𝐴 −

𝑟𝐴 𝑟𝐵⁄

ln(𝑟𝐴 𝑟𝐵⁄ )
)                                              (2) 

where 𝑛𝐴 is the oxidation state of A, and 𝑟𝐴, 𝑟𝐵 and 𝑟𝑋 are the ionic radius of the A, B and X 

ions. Perovskite structures are defined by 𝜏 < 4.18, as shown in Figure 4. Structures with 𝜏 >

4.18 are like-perovskites, post-perovskites or non-perovskites, as they have a similar general 

formula and are stable. However, their distortion modifies the corner-sharing BX6 octahedra, 

resulting in different arrangements and dimensions of the connecting octahedra, as shown in 

Figure 3. Understanding the tolerance factor and the distinction between perovskite and 

perovskite-like structures is crucial for predicting the stability of perovskite materials and 

separating them. 

Figure 3 – Overview of stables metal halides with non-perovskites bases formed by the ABX3 

formula. 

 

Source: (Akkerman e Manna, 2020) with adaptations. 

 



 

17 

Figure 4 – A Perovskite structure of the standard cubic single perovskite structure ABX3 

(Pm3̅m), where a network of corner-sharing BX6 octahedra surrounds the A cation. B The τ 

factor with achieves a classification with more than 92% accuracy. C Map of the elements that 

occupy the A, B and X sites within the compounds characterized as perovskite or like-

perovskites at room conditions. D Comparison of perovskites and non-perovskites of Platt-

scaled classification probabilities(𝑃(τ) versus 𝑡). The LaAlO3 and NaBeCl3 are labeled to 

highlight the modification of  𝑃(τ) at nearly constant 𝑡.  

 

Source: (Bartel et al., 2019) with adaptations. 

Notably, metal halide perovskites exhibit significant polymorphism, and diverse 

structural phase transitions highly dependent on temperature and pressure. These structural 

phase transitions have been shown to profoundly impact the electronic and optical properties 

of MHPs (Burger et al., 2021; Octavio de Araujo et al., 2022). Specifically, modifications in 

lattice parameters, phonon frequencies, and electron-phonon coupling strengths observed 

during the phase transitions can be harnessed to design new functional materials with 

applications in optoelectronics, flexible electronics, and smart windows.  

For instance, while CsBI3, with B = Pb, Sn adopts a non-perovskite structure and 

exhibits an insulating phase at room temperature, it is not ideal for optoelectronic device 

applications (Yao, Zhao e Liu, 2021). However, the relationship between polymorphism and 

optoelectronic properties could be less drastic in other systems (Duan et al., 2022). One notable 

example is the tetragonal-to-cubic transition observed in methylammonium [MA= CH3NH3] 
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lead iodide MAPbI3 at 330 K. This transition significantly impacts the charge carrier dynamics, 

resulting in the formation of self-trapped exciton states. Such dynamic behavior has made 

understanding several important structure−property relationships challenging and has 

obstructed a clear path toward commercialization due to inherent phase instability. Therefore, 

it is essential to deepen our understanding of the underlying mechanism and anion exchange in 

MHPs to gain a clearer perspective. Understanding and controlling polymorphism and 

structural phase transitions in perovskites are necessary to ensure the reliable performance of 

these compounds and to design and engineer new materials with desired properties for specific 

applications (Kim et al., 2022; Tang et al., 2022).  

Metal halide perovskites are systems whereby their structural and compositional 

modifications impact the physical properties present in the sample (Gao et al., 2019; Yan et al., 

2023). Thus, several important aspects regarding the underlying mechanism and anion 

exchange must be further studied to clarify the perspective of a correlation between crystal 

structure and physical property. For instance, two mechanisms control the perovskite phase and 

composition, which are highly related to properties such as octahedral tilting and anion 

exchange (Shi, Zejiao et al., 2017). Synchrotron-based and conventional X-ray diffraction 

measurements elucidate the physical aspects of modifying the octahedral displacements related 

to perovskites and like-perovskites compounds. Differential optical methods reveal the anion 

exchange processes, and both analyses are developed in situ and separated from characterizing 

the tunable properties quantitatively. These are the first steps in the characterization of 

perovskites and like-perovskites. Figure 5 exhibits the structural diversity of perovskites 

derived from the potential for the dynamic octahedra tilt with a corner-sharing network of an 

ABX3 form (Ahn et al., 2017; Chan et al., 2022; Steele et al., 2020; Tu et al., 2018). 

The octahedral tilting is essentially responsible for the structural variation and 

destabilization of the cubic ABX3 phase in perovskites. Figure 5B illustrates how proper 

octahedral tilting prevents the collapse of the corner-sharing network while the temperature 

varies. As previously discussed, when the tolerance factor shifts away, the energy required for 

bond bending is sufficient to break them, forming like-perovskite or non-perovskite structures, 

such as side- or face-sharing octahedra (Grancini e Nazeeruddin, 2018). Restructuring the cubic 

phase into a lower symmetry subgroup is fundamental in halide perovskites and like-perovskite 

compounds. 
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Figure 5 – Phase transitions, anion exchange, and the phase-energy landscape in polymorphic 

ABX3 perovskites. A Archetypal cubic crystal structure (t = 1) and anion exchange concept 

for ABX3 perovskites. When t deviates from unity, octahedral tilts are introduced to 

accommodate a pseudo cubic distorted perovskite structure. B Ilustration of reversible phase 

transitions in polymorphic perovskites, transitioning though pseudo cubic structures via 

octahedral tilting and into a non-perovskite structure via bond breaking. C Overview of reported 

group-subgroup symmetries of tilted halide perovskites APbX3 (A=MA, FA, Cs; X= Cl, Br, I), 

and CsSnX3 (X=Cl, Br, I) with comparison to the archetypal CaTiO3 perovskite system. The 

tilts are identified using Glazer notation and the dashed lines correspond to first-order 

transitions. Other subgroups have been reported under atypical environments and are not 

included for simplicity. 

 

Source: (Steele et al., 2020) without adaptations. 

Figure 5C overviews the most common 15 different space groups of tilted 

perovskites predicted by the group-subgroup theory. The Glazer notation is used to classify the 

octahedral distortion throughout the crystal during thermal expansion or decrease (Howard e 

Stokes, 1998). For example, the CaTiO3 perovskite exhibits the phase sequence upon heating 

as Pnma→I4/mcm→ Pm3̅m above 1000 °C (Yashima e Ali, 2009). Anion exchange can be 

achieved by partially or totally substituting halide ions. The flexible lattice and abundance of 

vacancies enable switching during or post-synthesis with an abundant source of halide 

precursors or a mixture of other anion species (see Figure 5A). The halide concentration drives 

the diffusion of ions into the crystal lattice, and as a result, bandgaps are dominantly dependent 

on the anion composition and valence. Thus, this phenomenon provides diverse relations on 

structural, physical, and optical properties. Additionally, anion exchange can modify or shift 

the photoluminescence (PL) emission across the visible spectrum (Bella et al., 2016; Protesescu 
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et al., 2015). Proper anion exchange has been demonstrated to be versatile enough to modify 

the structures and properties of metal halide perovskites (Schmidt-Mende et al., 2021). 

Structural phase transitions result in significant changes in the physicochemical 

properties of materials, enabling the formation of phase-ferroics and phase-change optical 

devices. This allows deep insights into the current investigations of halide perovskites, and the 

experimental demonstrations of temperature and pressure-induced SPT open a pathway towards 

their discovery and understanding. This inspires the potential applications of perovskites in 

different devices, as the paradigm of crystal structure defining properties remain open, and it is 

the principal objective of this work in different family compounds. In this context, this thesis is 

structured as follows: Chapter 2 describes the methodology used for sample preparation and 

characterization techniques in detail. Chapter 3 investigates the erythrosiderite-type 

A2FeCl5.H2O (A = Cs, Rb, K, NH4) family compounds at low temperatures, focusing on the 

ferroelastic structural phase transition in Cs2FeCl5.H2O. Chapter 4 presents a study of the 

structural phase transition in DMAPbX3 (X = Br, I) samples via an order-disorder mechanism, 

including the optoelectronic effects observed at low temperatures in DMAPbI3. Chapter 5 

investigates extreme conditions of low-temperatures and high-pressures in CsCuCl3, 

characterizing the spin-phonon coupling at low temperatures and observing a structural phase 

transition at high pressures. Finally, it presents the conclusions and perspectives regarding the 

potential applications of these materials in future research. 
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2 EXPERIMENTAL SECTION 

This chapter presents the experimental methods and analyses employed in this thesis, which are 

divided into three main sections: (1) synthesis of several investigated compounds, (2) 

characterization of materials under extreme conditions using a range of techniques, and (3) 

computational studies to complement experimental data. 

2.1 Synthesis Method 

The synthesis of various family compounds is critical for obtaining materials with 

tailored properties that can be used in various applications. The materials synthesized used the 

erythorosiderite-type family A2FeCl5.H2O (A= K, Rb, Cs, NH4), the DMA-based hybrids 

perovskites DMAPbX3 (X= Br, I), and the coupled-chain structure like-perovskite CsCuCl3.  

o The erythorosiderite-type family A2FeCl5.H2O (A= K, Rb, Cs, NH4) compounds: Single 

crystals of A2FeCl5·H2O with orange prismatic and plumose morphology were obtained 

using the slow evaporation method. A mixture of  HCL (47 wt% in H2O), deionized water 

(18.6 MΩ cm, Milli-Q®, Millipore), and the stoichiometric amounts [2:1] of ACl and 

FeCl3.6H2O were used to prepare the solution. The solution was heated at 70 °C for 3h after 

being sealed in a beaker with paraffin film with small holes and was then placed for two 

days at room temperature. The single crystals were at the bottom of the beaker, and the 

compounds were removed from the solution and cleaned with toluene. 

 

o DMA-based hybrids perovskites DMAPbX3 (X= Br, I): Single-crystals of both DMAPbX3 

were obtained using the crystallization method from an N-N-Dimethylformamide (DMF) 

solution. Stoichiometric amounts of PbX2 (X= Cl-, Br-) (4 mmol) and DMAX (X= Cl-, Br-) 

(4 mmol) were dissolved by adding 5 ml of DMF. The obtained solutions were filtered 

through 0.45 μm PTFE filters to minimize nucleation sites. Colorless needle-shaped single 

crystal of DMAPbBr3 were obtained upon slow evaporation of the solvent at room 

temperature after several days. Additionally, polycrystalline powders of DMAPbX3 were 

obtained by placing the single crystal in an agate mortar and carefully grinding with a pestle 

(García-Fernández et al., 2017, 2019; Rodríguez-Hernández et al., 2022). 

 

o The coupled-chain structure like-perovskite CsCuCl3: Dark red needles of CsCuCl3 single 

crystals were grown using the slow evaporation method from acidic HCl (47 wt% in H2O) 
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containing stoichiometric amounts [1:1] of CsCl and CuCl2. The preparation was heated at 

120 °C for 1h. After heating, the solution was placed at room temperature and sealed in a 

beaker with paraffin film with small holes. The crystals were collected and cleaned with 

toluene. 

2.2 Experimental Measurements 

Various techniques were employed to investigate the structural-property 

relationship under extreme conditions. At low temperatures, Single Crystal X-Ray Diffraction 

(SCXRD), Differential Scanning Calorimetric (DSC), Raman spectroscopy, 

Photoluminescence and thermos-microscopy, while at high pressures, Synchrotron Powder X-

Ray Diffraction (SPXRD), and Raman spectroscopy.  

o Single crystal X-ray diffraction (SCXRD) measurements: Were conducted using a 

Bruker D8 Venture X-ray diffractometer equipped with a Photon II Kappa detector and 

Mo K radiation (λ = 0.71073 Å). Crystals were selected and mounted on a MiTeGen 

MicroMount using immersion oil. The crystals were cooled at various rates using a 

nitrogen gas cold stream from an Oxford Cryosystems cooler. The data were collected 

and integrated using APEX2 software (Bruker (2018), 2018). The Bruker SAINT 

software package (Bruker (2018), 2012) was used for data reduction and global cell 

refinement. The structures were solved by direct methods using the SHELXT 

(Sheldrick, 2015a) and refined by least-squares methods on SHELXL (Sheldrick, 

2015b) included in Olex (Dolomanov et al., 2009). The crystallographic illustrations 

were prepared in MERCURY (Macrae et al., 2020) and VESTA software (Momma e 

Izumi, 2011).  

 

o Differential scanning calorimetric (DSC): The analyses were conducted in a Netzsch 

Maia 200 F3. The samples were heated and cooled under a nitrogen atmosphere for 

several cycles at 5-10 K.min-1. 

 

o Raman spectroscopy at low-temperatures: The Raman-active low-temperature spectra 

were collected using a T64000 Jobin–Yvon spectrometer equipped with an Olympus 

microscope and an LN2-cooled CCD to detect the scattered light. The spectra were 

excited with an Argon ion laser (𝜆 = 514 nm). The temperature-dependent spectra were 

obtained by keeping the sample in a vacuum inside a He-compressed closed-cycle 
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cryostat. The temperature was controlled by a Lakeshore 330 controller that kept the 

precision around 0.1 K. Each Raman spectrum was deconvoluted into the sum of 

Lorentzian functions, respectively, by Fityk software (Wojdyr, 2010). 

 

o Photoluminescence (PL): The PL spectra were collected using a T64000 Jobin–Yvon 

spectrometer equipped with an Olympus microscope and an LN2-cooled CCD to detect 

the emitted radiation of the sample in a single mode. The spectra were excited with an 

external lamp (405 nm) using a long working distance plan-achromatic objective of 20x. 

The temperature-dependent spectra were obtained by keeping the sample in a vacuum 

inside a He-compressed closed-cycle cryostat for PL analyses. The temperature was 

controlled by a Lakeshore 330 controller that kept the precision around 0.1 K. The 

photoluminescent curves were adjusted with a Pearson7 fit profile using Fityk following 

the quantitative analysis of emission spectra for Kambhampati & Mooney (Mooney e 

Kambhampati, 2013). 

o Thermo-microscopy:  To collect images of samples at low temperatures, the Thermo-

microscopy was conducted using an optical polarizing hot-stage microscopy station. 

The images were obtained from 300 to 125 K using a rate of 5 K/min lens magnification 

of 10x, recorded with a QICAM (Fast1394) camera, and processed in the Linkesys32 

software. The temperature around the sample was controlled using the THMS600 

LINKAM hot-stage station. Each photograph was taken after waiting about 4 seconds 

for temperature stabilization and attaining the equilibrium structure. The CellProfiler 

(Stirling et al., 2021) software was used to edit the images. 

 

o Synchrotron Powder X-Ray Diffraction (SPXRD): The SPXRD diffractograms were 

measured at the LNLS-SIRIUS, EMA beamline in the Laboratório Nacional de Luz 

Synchrotron (LNLS), Campinas, São Paulo. The collected data was integrated image 

per image using DIOPTAS (Prescher e Prakapenka, 2015) software, and the extracted 

XRD powder data was refined by EXPO 2014 (Altomare et al., 2013). 

 

o Raman spectroscopy at high-pressures: The pressure-dependent spectra were obtained 

using a membrane diamond anvil cell (MDAC) with a 350 μm diameter culet to achieve 

varying pressure levels. Stainless steel gaskets (200 μm of thickness, indented to 45 μm) 

with holes of about 150 μm served as the sample chamber. The pressure-transmitting 

medium was paraffin oil, Nujol. The ruby pressure gauge method was employed to 
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quantify the relationship between the applied pressure and line emission. The method 

involves using a ruby crystal as a pressure gauge to measure pressure changes based on 

the shift in the ruby's emission line (Shen et al., 2020). The powder of CsCuCl3 and ruby 

were placed together in the gaskets without contact. The Raman spectra obtained were 

analyzed by deconvoluting each spectrum into the sum of Lorentzian functions using 

Fityk software (Wojdyr, 2010). 

2.3 Computational Details 

Theoretical calculations in this study were conducted using the density functional 

theory (DFT) as implemented in the Quantum-ESPRESSO package (Giannozzi et al., 2009, 

2017). Firstly, structural optimization was performed using the SG15 Optimized Norm-

Conserving Vanderbilt pseudopotentials (Hamann, 2013), followed by Γ-point phonon 

calculations. The phonon frequencies were calculated using the density functional perturbation 

theory (DFPT), with the exchange-correlation term determined within the generalized gradient 

approximation (GGA) parameterized by Perdev-Burke-Ernzerhof (PBE) (Perdew, Burke e 

Ernzerhof, 1996). The local-density approximation (LDA) was also employed for the exchange-

correlation term for Raman intensity calculations. It is important to note that all calculations 

were carried out using the computational resources of the Centro Nacional de Processamento 

de Alto Desempenho em São Paulo (CENAPAD-SP) Project 823. 
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3 ERYTHOROSIDERITE-TYPE Cs2FeCl5.H2O COMPOUND AT LOW-

TEMPERATURES 

The erythrosiderite-type compounds are a class of halides complexes with the chemical formula 

AmBX5.H2O, where A is occupied by elements such as alkali metals A = Li, Na, K, Rb, Cs or 

even little inorganic molecules such as ammonia (NH4) or its deuterated equivalent ND4, and 

B are transition metals as Cr, Mn, Fe, Co, Ni, Cu, with halide ions as fluorides (F), chlorides 

(Cl), bromides (Br) and iodides (I) serving as X anions. Among these compounds, the family 

A2FeX5.H2O (A = K, Rb, Cs, NH4) have attracted significant attention due to its zero-field low-

temperature antiferromagnetic phase transition occurs between 6-14 K (Alberto Rodríguez-

Velamazán et al., 2015; Clune et al., 2019a; Rodríguez-Velamazán et al., 2017, 2018), making 

them traditionally magnetoelectric compounds. This chapter describes the investigation of the 

ferroelastic phase transition exhibited by Cs2FeCl5.H2O at low temperatures. Differential 

scanning calorimetric (DSC), Single crystal X-ray diffraction (SCXRD) and Raman 

spectroscopy measurements at low temperatures were used to investigate such phase transition. 

3.1 Introduction 

Multiferroic compounds refer to materials with more than one ferroic order related 

to ferromagnetism, ferroelectricity, or ferroelasticity within a narrow temperature range (Liang 

et al., 2019). On the other hand, magnetoelectric materials are compounds that couple 

ferroelectricity and ferromagnetism and have been extensively investigated due to the interplay 

between magnetism and electricity (Dong et al., 2015; Hughey et al., 2022; Spaldin e Ramesh, 

2019). This coupling allows the manipulation of magnetic properties through electric fields, 

making these materials attractive for their rich fundamental physics and potential industrial 

applications (Bichurin, Petrov e Tatarenko, 2020; Fiebig, 2005; Wang, Liu e Ren, 2009). 

Although magnetoelectric materials are not necessarily multiferroic, all multiferroics are linear 

magnetoelectrics, meaning that the applied electric or magnetic field induces a change in 

magnetization that is linearly proportional to its magnitude (Spaldin e Fiebig, 2005). An 

example of a multiferroic compound with magnetoelectric applications is erythrosiderite-

related (NH4)2FeCl5.H2O, which belongs to the family of compounds with the basic formula 

A2FeCl5.H2O, where A can be any alkali metal (Alberto Rodríguez-Velamazán et al., 2015; 

Rodríguez-Velamazán et al., 2017, 2018). The crystal structures of these compounds are 

orthorhombic with the space group Pnma for A = NH4, K, Rb and Cmcm for A = Cs, 

respectively (Carlin e Palacio, 1985; Greedan et al., 1980; Smirnov et al., 2009). Both structure 
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types are closely related but not isomorphic (see Figure 6 (a) and (b)). They consist of isolated 

A+ units and isolated complex groups [FeCl5(H2O)]2− of sixfold octahedrally coordinated 

iron(III). The unit cells contain eight symmetrically equivalent A+ cations and four 

[FeCl5(H2O)]2− octahedra. H-bonding between octahedra stabilizes the crystal structures and 

forms zigzag chains that run along b- for A = (NH4), K, Rb, or c-axis for A = Cs. The magnetic 

ordering phenomena in the A2FeCl5.H2O family members have been subject to various 

investigations. The exploration of this property for potassium (K) and ammonium (NH4) 

molecules was first observed in 1978, wherein the two isomorphic compounds showed a non-

isomorphic antiferromagnetic (AFM) order transition at low temperatures, and a complete list 

of Neel temperatures are described in Table 1, with information about the crystal structure cell 

parameters. 

Figure 6 – Room-temperature crystal structures of A2FeCl5.H2O (a) Pnma: Rb2FeCl5.H2O and 

(b) Cmcm: Cs2FeCl5.H2O. 

 

Source: Elaborated by the author. 
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Table 1 – Room-temperature lattice constants and Néel temperatures A2FeCl5.H2O with A 

= (NH4), K, Rb, Cs. 

 (NH4)2FeCl5.H2O K2FeCl5.H2O Rb2FeCl5.H2O Cs2FeCl5.H2O 

Space 

Group 

Pnma Cmcm 

a (Å) 13.706 13.5795 13.825 7.426 

b (Å) 9.924 9.7024 9.918 17.306 

c (Å) 7.024 7.0147 7.100 8.064 

Ref: (Ackermann et al., 2014; Tian 

et al., 2018) 

(Gabas et al., 1995) (Becerra et al., 

1995; Gabas et al., 

1995) 

(Fröhlich et al., 

2018; Greedan et 

al., 1980) 

TN (K) AFM1: 7.25 

AFM2: 6.90 

10.06 10.03 6.5 

Ref: (Alberto Rodríguez-

Velamazán et al., 2015; Berlie, 

Cavaye e Le, 2022; Clune et 

al., 2019b; Lee, 2022; 

Rodríguez-Velamazán et al., 

2017; Tian et al., 2018) 

(Campo et al., 

2008; Gabas et al., 

1995; Lee, 2022; 

Luzón et al., 2008) 

(Gabas et al., 1995; 

Lee, 2022; Luzón 

et al., 2008) 

 (Freitas, Paduan-

Filho e Becerra, 

2015; Fröhlich et 

al., 2018) 

Source: Elaborated by the author. 

Cs2FeCl5·H2O has been found to display an antiferromagnetic state at 6.5 K, which 

determines the ferromagnetic behavior of the sample. Also, the compound is the only 

A2FeCl5.H2O-related family member that shows a structural phase transition to a C2/c space 

group at low temperatures (151.5 K) (Ackermann et al., 2013). Even though this SPT has 

already been reported on the Cs2FeCl5·H2O sample, the ferroelasticity behavior is not discussed. 

According to Aizu (Aizu, 1970a; b), this SPT belongs to the mmmF2/m ferroic specie, which is 

a proper full ferroelastic. To investigate the ferroelasticity of the sample, a combination of 

single-crystal X-ray diffraction (SCXRD) and Raman spectroscopy at low temperatures, along 

with differential scanning calorimetry (DSC). The transition from the high-temperature 

paraelastic (HT-phase) phase to the low-temperature ferroelastic (LT-phase) phase is related to 

the displacement of the [FeCl5.H2O] octahedra through a displacive mechanism, which has been 

confirmed by the hard-modes observed in Raman spectroscopy. To further study the 

ferroelasticity of Cs2FeCl5.H2O, the strain matrix theory was employed to analyze the lattice-

temperature dependence, which indicated that symmetry-strain 𝑒5 component coupled with the 
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parameter order. Hence, it suggests a novel ferroic order in Cs2FeCl5.H2O at low temperatures. 

Specifically, a full ferroelastic transition at Ts = 156 K was weakly first-order (or nearly second-

order). This ferroelastic mmmF2/m transition displays potential applications in multifunctional 

devices that harness the coupling between different ferroic orders. Combining the different 

ferroic orders could enhance functionality and improve device performance. 

3.2 Low-temperature ferroelastic phase transition in multiferroic Cs2FeCl5.H2O 

The crystal structure and chemical composition of the Cs2FeCl5.H2O sample were 

confirmed using single-crystal X-ray diffraction. The compound crystallizes into an 

orthorhombic system with space group Cmcm (63) with cell parameters a = 7.458 (13) Å,             

b = 17.370 (3) Å, c = 8.054 (13) Å, and V = 1043.00 (3) Å3 which is in good agreement with 

previous reports (Fabelo et al., 2017; Fröhlich et al., 2018). At low-temperatures, the 

Cs2FeCl5.H2O sample undergoes a structural phase transition (SPT) to the monoclinic C2/c 

system at Ts = 160 K (Fröhlich et al., 2018). To understand the symmetry relations between the 

two phases of the compound was used a lattice of maximal group-subgroup diagram from 

Cmcm (63) to C2/c (15) (see Figure 7 (a)). The DSC thermogram was obtained for 

Cs2FeCl5.H2O in the temperature range of 140 to 170 K with a heating rate of 5 K.min−1. The 

results confirm a reversible first-order SPT in Cs2FeCl5.H2O at 𝑇𝐶 = 156 K during the heating 

cycle (blue curve), and at 𝑇𝐶 = 160 K during the cooling cycle (red curve), exhibiting a small 

hysteresis of about 4 K. In DSC thermograms, the area below each calorimetric peak indicates 

the enthalpy (∆𝐻) and entropy (∆𝑆) due to the SPT. In this case, it was obtained ∆𝐻 = 0.2656 

J.g-1 and ∆𝑆 = 0.8581 J.K-1.mol-1 during the cooling process, while ∆𝐻 = 0.32336 J.g-1 and ∆𝑆 

= 1.1386 J.K-1.mol-1 during the heating process. Thus, the highest ∆𝑆 value obtained was ∆𝑆 =

0.2𝑅 ln 2, where R = 8.314 K-1.mol-1 is the universal gas constant. This value suggests that this 

SPT has a displacive behavior (Majzlan, Tangeman e Dachs, 2021). 
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Figure 7 – Group-Subgroup relation between Cmcm and C2/c space groups. 

 

Source: (Ivantchev et al., 2000) without adaptations. 

To clarify the discussion about the displacive mechanism of this SPT, the C2/c 

monoclinic structure was transformed into the non-conventional space group I2/c, which are 

related by: aI = – aC
 – cC, bI = bC, and cI = cC, where subscripts I and C are associated with I2/c 

to C2/c structures, respectively. Thus, at 100 K, in this new monoclinic set, Cs2FeCl5.H2O has 

the lattice parameters a = 17.117 (1) Å, b = 7.362 (3) Å, c = 16.135 (1) Å, β = 90.020 (3)° and 

V = 2030.65 (12) Å3. Figure 8 (b) shows the most significant differences between Cmcm and 

I2/c structures. As observed, the displacive mechanisms that drive the SPT in Cs2FeCl5.H2O 

are (i) a slight tilt about φ = 1° around the cI axis; and (ii) an inclination of a water molecule by 

θ = 71°. Both mechanisms can be seen in Figure 8 (b). 
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Figure 8 – (a) DSC thermogram obtained for Cs2FeCl5.H2O at 5 K.min−1 in the temperature 

range from 140 to 170 K. (b) Comparison between high- and low-temperature Cs2FeCl5.H2O 

crystalline structures. The solid black box indicates that the Cs+ ions were not plotted in the unit 

cell in both structural projections. 

 

Source: Elaborated by the author. 

To understand the importance of the intermolecular interactions involved in the 

SPT, Hirshfeld surface analyses for the [FeCl5.H2O] octahedra were performed in both phases. 

The red-white-blue surfaces indicate intermolecular contacts that are shorter (red), around 

(white), and longer (blue) than van der Waals contacts (McKinnon, Jayatilaka e Spackman, 

2007; Yuan et al., 2019). As shown in Figure 9, both phases display a similar surface geometry, 

with intermolecular contacts Cs···Cl, H···Cl, Cl···Cl, Cs···O, H···H, and Cs···H represented 

in the 2D fingerprint. Regarding the changes in the 2D fingerprint plots, Cs···Cl (Figure 9 c-

k), and H···Cl (Figure 9 d-l) did not show a significant change in their geometry distribution 

surface in both phases. However, the H···Cl contact weakens by approximately 2% contribution 

in the LT-phase. Such a difference suggests a weakening of H···Cl contact between the 

octahedra. The Cl···Cl exhibits a sharp tip in the HT-phase (Figure 9e) that becomes thinner in 

LT-phase (Figure 9 m), but the contribution remains the same. Around the Cs···O (Figure 9 f-

o) and Cs···H (Figure 9 h-p) interactions, significant modifications in their contribution were 

not displayed. However, the new geometry form of the 2D fingerprint plots in the Cs···H 

interactions proposes a displacement around the Cs ion, making them responsible for the 

movement of octahedra, as the Cs+ ion oriented the [FeCl5.H2O]2-. On the other hand, the H···H 

interactions (Figure 9 g-n) increase the contribution of the total surface after the SPT (by 
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approximately 2%), which is attributed to the hardening of these ligands, compensating for the 

weakening H···Cl contact. 

Figure 9 – Separated phases of a) and i) The Hirshfeld surfaces, b) and j) sum of all 

interconnects (mapped with dnorm )decomposed fingerprint plots for both [FeCl5.H2O] octahedra 

resolved into c) and k) for Cs···Cl, d) and l) for H···Cl, e) and m) for Cl···Cl, f) and o) for 

Cs···O, g) and n) for H···H, and h) and p) for Cs···H contacts to HT-phase and LT-phase, 

respectively. Full fingerprints appear as grey shadows underneath. 

 

Source: Elaborated by the author. 

Ferroelastic crystals are materials that exhibit two or more orientational states that 

can switch between them, displaying spontaneous strain components (𝑒𝑖). These modifications 

in their group symmetries define the ferroic state and order (Carpenter, Salje e Graeme-Barber, 

1998; Salje, 2013). During the structural phase transition from Cmcm (HT-phase) to I2/c (LT-

phase), the number of symmetry elements decreases from 8 (E, i, 3C2, 3σ) to 4 (E, i, C2, σh). In 

principle, the relation of the mmm point group (Cmcm) to the 2/m (I2/c) is a proper full 

ferroelastic transition between both phases, which is related to the Aizu-type ferroelastic species 

mmmF2/m (Sapriel, 1975). This SPT should be a proper full ferroelastic transition whose order 

parameter is the 𝑒5 strain component (using the Voigt notation).  
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To describe the ferroelastic features of this SPT, the temperature-dependent unit-

cell parameters of the crystal were measured, where a direct relationship between both phases 

following changes in the monoclinic cell parameters was established: a*= b, b*= a, c*= c/2, 

and V*= V/2. This new basic set is a simple transformation from the I2/c monoclinic base to 

the Cmcm orthorhombic. Figure 10 shows the linear temperature dependencies of the lattice 

parameters. At Tc = 158 K, all of them, including the unit cell volume, show a change in the 

slope of the temperature dependence, which agrees with the DSC measurements given in 

Figure 8 (a). The temperature dependence of the lattice parameters is generally related to the 

linear thermal expansion (see Figure 10) and the spontaneous strain components along the SPT. 

Thus, the linear thermal expansion 𝛼 can be calculated as: 

𝑙𝑖(𝑇) = 𝑙0𝑖(1 + 𝛼𝑖𝑇)                                                        (3) 

where the sub-index 𝑖 indicates the lattice cell parameters a, b and c (Angel, Gonzalez-Platas e 

Alvaro, 2014; Cliffe, Goodwin e Road, 2012), while 𝑙0𝑖 is the lattice parameter at the lower 

measured temperature for each temperature phase. The obtained linear thermal expansion 

coefficients are summarized in Table 2.  

Table 2 – Principal linear thermal expansion coefficients 𝛼𝑖 (𝑖 = 𝑎, 𝑏, 𝑐) in both Cs2FeCl5.H2O 

crystal phases along with the corresponding principal axes. 

 Component of xi along with the 

crystallographic cell parameters 

 

 𝛼𝑖 (MK-1) a b c Approximate axis 

 

HT-Phase 

22 (1) 0 0 1 [001] 

54 (2) -1 0 0 [1̅00] 

61 (1) 0 -1 0 [01̅0] 

 

LT-Phase 

40 (2) 0 -1 0 [01̅0] 

109 (3) 0.92 0 0.39 [301] 

133 (5) -0.35 0 0.94 [1̅03] 

Source: Elaborated by the author. 

It was observed that a positive thermal expansion (PTE) occurred along all 

crystallographic axes in both phases. Above the SPT, a decrease to half of the PTE coefficient 

was observed in all crystalline directions. This trend is related to the relationship between the 

crystal unit volume and phases 2𝑉𝑚 ≈ 𝑉𝑜. In fact, the total sum of the individual thermal 

expansion components for each phase is the thermal expansion volume. The final calculated 

values are 𝛼𝑉
𝐻𝑇= 138 MK-1 and 𝛼𝑉

𝐿𝑇= 282 MK-1 for each phase, respectively. 
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Figure 10 – Temperature-dependent lattice parameters of Cs2FeCl5.H2O. The subscripts “o” 

and “m” indicate the orthorhombic and monoclinic cells, respectively. 

 

Source: Elaborated by the author. 

Based on this temperature-dependent lattice parameter, the components 𝑒𝑖 of the 

spontaneous-strain tensor in their main crystal axes were calculated using the following relation 

(using Voigt notation): 
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𝑒𝑖 = (
𝑒1 0 𝑒5

0 𝑒2 0
0 0 𝑒3

) = (
(𝑎 − 𝑎0)/𝑎0 0

1

2
(𝑐(𝑐𝑜𝑠(𝛽))/𝑐0)

0 (𝑏 − 𝑏0)/𝑏0 0

0 0 (𝑐(𝑠𝑖𝑛(𝛽)) − 𝑐0)/𝑐0

)         (4) 

where 𝑎0, 𝑏0, and 𝑐0 are the lattice parameters at room temperature (𝑎0 = 7.43 Å, 𝑏0 = 17.40 

Å, and 𝑐0 = 8.07 Å). Figure 11 shows all calculated components of the spontaneous strain, as 

well as the analogous volume strain 𝑉𝑠 = (𝑉 − 𝑉0)/𝑉0, and the scalar spontaneous strain (𝑒𝑠) is 

given by: 

𝑒𝑠 = (𝑒1
2 + 𝑒2

2 + 𝑒3
2 + 2𝑒5

2)1/2                                           (5) 

Figure 11 – Temperature-dependence of the spontaneous strain 𝑒𝑖 components, of volume 

strain (𝑉𝑠) and scalar spontaneous strain (𝑒𝑠𝑠) of the Cs2FeCl5.H2O 

 

Source: Elaborated by the author. 

Since the strain analysis in the mmmF2/m species reveals that all component 

calculations present ferroelasticity, the primary order parameter of the structural phase 
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transition defined in Landau theory, usually called 𝑞, behaves as the symmetry-adapted strain. 

In some cases, it may be coupled with the spontaneous strain components (𝑒𝑖 ∝ 𝑞 or 𝑒𝑖 ∝ 𝑞2) 

(Ardit, Martucci e Cruciani, 2015; Chen et al., 2022). According to (Aizu, 1970a), the unique 

symmetry-adapted strain in mmmF2/m is 𝑒5. To validate the symmetry criteria, the following 

conditions in 𝑒5 need to be checked: a) the volume strain is equivalent to the sum of the strain 

tensor components parallel to the reference axes (i,e, 𝑒1 + 𝑒2 + 𝑒3); b) the primary order 

spontaneous strain and the scalar strain (𝑒𝑠) are proportional; and c) the volume strain varies 

linearly with 𝑞2(Aizu, 1970a; b; Ardit, Martucci e Cruciani, 2015; Carpenter, Salje e Graeme-

Barber, 1998; Chen et al., 2022; Salje, 2013; Sapriel, 1975). These conditions were verified and 

shown in Figure 12. 

Figure 12 – Validation of the 𝑒5 as the symmetry-adapted strain order parameter: (a) sum of the 

linear strain vs. the volume strain, (b) spontaneous strain 𝑒5 with the scalar strain modification, 

and (c) 𝑒5
2 ∝  𝑉𝑠 dependence. 

 

Source: Elaborated by the author. 

As shown, the 𝑒5 coupled with the order parameter of the SPT, which could be 

described as a function of the scaling law near the critical temperature given by: 

𝑒5 = 𝐴(𝑇𝑐 − 𝑇)2𝛽                                                         (6) 
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where 2𝛽 is the critical exponent of the order parameter. Figure 13 shows the scaled 

temperature dependence of 𝑒5, whose fit agrees with a 𝛽 = 1/4 or 2𝛽 = 1/2 as expected for a 

second-order SPT (Chen et al., 2021; He et al., 2021; Lee, Choi e Lim, 2021). The symmetry-

breaking strain 𝑒5 describes a relationship with a single elastic constant 𝐶55 related to the mmm 

⇌ 2/m transition. The equilibrium variation of 𝑒5 based on the Landau expansion (𝐺) is 

generally expressed as: 

𝐺 = 𝐺0 +
1

2
𝐴(𝑇 − 𝑇𝑐)𝑒5 +

𝐶

6
𝑒5

2                                                 (7) 

where 𝑇𝑐 is the critical temperature, and 𝐴 and 𝐶 are constant. For this potential, the elastic 

constant 𝐶55 associated with the strain 𝑒5 is given by: 

𝐶55 = {

𝐴(𝑇 − 𝑇𝑐),         𝑇 < 𝑇𝑐

4𝐴(𝑇 − 𝑇𝑐),         𝑇 > 𝑇𝑐

                                                  (8) 

Figure 13 – (a) Temperature dependence of the spontaneous strains 𝑒5 (symmetry-adapted 

strain), and (b) Linear slope modification of the elastic constant as 𝐶55 [2:1] relationship. 

 

Source: Elaborated by the author. 
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Thus, the constant elastic behavior along the transition was calculated. The elastic 

constant goes to zero linearly at the critical point, and the slopes below and above 𝑇𝐶 = 158 K 

described a [2:1] ratio between them (Allardo et al., 2000; Carpenter e Salje, 1998; Chen et al., 

2021; He et al., 2021; Salje, Hayward e Lee, 2005; Zhang et al., 2020). Hence, take into account 

the strain analysis; the Cs2FeCl5.H2O at 𝑇𝑠 = 156 K presents a ferroelastic second-order 

structural phase transition.  

Raman spectroscopy is a sensitive technique for detecting ferroic transitions in 

materials. To study the temperature-dependence of Raman-active spectra of Cs2FeCl5.H2O. The 

Raman-active modes at the center of the Brillouin zone (Γ-point) in each phase, based on group 

theory (Rousseau, Bauman e Porto, 1981), according to the factor group analysis for the mmm 

factor group. Such modes can be reduced in terms of the irreducible representations of this 

group as Γraman
HT=10Ag9B1g4B2g10B3g. 

Figure 14 – Raman spectrum of Cs2FeCl5.H2O in (a) 20-200 cm-1, (b) 200-750 cm-1, (c) 1550-

1700 cm-1 and (d) 3300-3650 cm-1 range at room-temperature. 

 

Source: Elaborated by the author. 
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Figure 14 shows the obtained Raman spectrum of Cs2FeCl5.H2O at room 

temperature in selected wavenumber ranges. It was observed 18 Raman-active modes in 

Cs2FeCl5.H2O in the 20-3650 cm-1 range. For wavenumbers lower than 750 cm−1, 14 bands are 

related to the lattice, octahedra internal modes and water librations, and the other 4 are to water 

vibrations. Around 1600 cm-1 is observed in the mode corresponding to the δ (H-O-H) 

(Piszczek, Grodzicki e Engelen, 2003). This peak feature is a useful indication of the sample 

purity for the sharping format and the characteristic frequency value around for all family series 

(A)2FeCl5.H2O (A = NH4, K, Rb, Cs). Finally, for wavenumbers between 3300 to 3600 cm-1, 

three different peaks are observed, which are related to the water molecule symmetric and 

asymmetric stretching modes. 

Table 3 – Frequencies (ωn in cm-1) and proposed assignments of room-temperature 

experimental Raman-active modes in Cs2FeCl5.H2O and the comparison for similar compounds 

(A)2FeCl5.H2O (A = NH4, K, Rb, Cs) (Adams e D. C. Newton, 1972; Adams e Lock, 1971; 

McCarthy e Walker, 1983; Parker et al., 1997; Piszczek, Grodzicki e Engelen, 2003; Sharma e 

Pandya, 1974).  

# Mode Frequency Symmetry 
Mode Assignment 

Attribution 
Reference Value 

ω1 37 B1g Lattice Mode 37 cm-1 

ω2 47 Ag Lattice Mode 46 cm-1 

ω3 54 Ag Lattice Mode 53 cm-1 

ω4 88 B1g Lattice Mode 87 cm-1 

ω5 109 - υ (Fe-Cl) 101–103 cm-1  

ω6 126 B1g δ (Cl-Fe-O) 127–129 cm-1 

ω7 167 Ag δ (FeCl4) 167 cm-1  

ω8 176 B1g δ (FeCl4) 174–180 cm-1 

ω9 226 AgB1g π (FeCl4) 210–224 cm-1 

ω10 311 Ag υ (Fe-O) 293–320 cm-1  

ω11 356 Ag υ (Fe-OH2) 350–384 cm-1 

ω12 489 B1g ρ (H-O-H) 460 cm-1  

ω13 538 Ag ρ (H-O-H) 540 cm-1  

ω14 615 - Water Libration 655 cm-1 

ω15 1618 - δ (H-O-H) 1591 cm-1 

ω16 3401 - υs (OH) 3400 cm-1 

ω17 3446 - υas (OH) 3460 cm-1 

Source: Elaborated by the author. 

Table 3 summarizes all the observed modes and their assignments, which were 

proposed based on previous literature (Adams e D. C. Newton, 1972; Adams e Lock, 1971; 

McCarthy e Walker, 1983; Parker et al., 1997; Piszczek, Grodzicki e Engelen, 2003; Sharma e 

Pandya, 1974). Figure 15 shows the normalized temperature-dependent Raman spectra for 
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selected wavenumbers. At low temperatures, Cs2FeCl5.H2O exhibits such mode distribution in 

terms of the irreducible representation of their respective point groups as Γraman
LT=33Ag33Bg. 

The correlation between both vibrational modes phases is related to the mmm (D2h) → 2/m (C2h) 

symmetry change. Hence, it must be observed: i) the Ag modes in HT-phase turn on Ag 

vibrations at LT-phase, ii) the B1g and B2g symmetry modes in the mmm change into Bg at 2/m, 

and iii) the modification of the Raman-active mode B3g in high-temperature phase to an Ag in 

low-temperature.  

Figure 15 – Temperature dependent Raman spectra obtained for Cs2FeCl5.H2O in wavenumber 

ranges: (a) 20-200 cm-1, (b) 200-300 cm-1, (c) 300-320 cm-1, (d) 320-650 cm-1, (e) 1600-1680 

cm-1 and (f) 3300-3600 cm-1. 

 

Source: Elaborated by the author. 
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The Raman spectra are different in both phases of the sample. The main changes 

are: (i) around 50 cm−1, we have two bands that transform into four bands with a drastic change 

on mode profiles; (ii) an abrupt change in the position of the δ (H−O−H) mode around 1620 

cm−1; and (iii) strong anomalies in the H−O stretching modes observed between 3400 and 3500 

cm−1. Also, several new low-intensity modes were observed in the monoclinic phase. These 

features can be seen better in the temperature-dependent mode positions obtained from the 

spectra deconvolution by Lorentzian functions, shown in Figure 16. 

Figure 16 – Temperature-dependence Raman mode positions obtained for Cs2FeCl5.H2O in 

wavenumber ranges: (a) 20-210 cm-1, (b) 210-700 cm-1, (c) 1616-1635 cm-1, (d) 3300-3460  

cm-1 

 

Source: Elaborated by the author. 

All observed features involving water modes were expected since this molecule is 

important in the SPT of Cs2FeCl5.H2O. In general, ferroic SPTs resulting from displacive 

mechanisms exhibit soft-mode features, as described by (Cochran, 1960) for ferroelectrics and 

by  (Unruh, 1995) for ferroelastics. A soft-mode is a vibration of the high-symmetry phase 

whose frequency tends towards zero as the critical temperature approaches. This softening leads 

to the instability of the crystal against low-frequency phonons and is correlated with a critical 

temperature dependence of the quadratic term in the thermodynamic potential. However, ferroic 
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transitions can also exhibit hard-modes, where the frequency, intensity, and full width at half 

maximum (FWHM) are characteristic quantities related to the critical behavior of the 

macroscopic order parameter (Palmer, Bismayer e Salje, 1990; Salje e Bismayer, 1997; Scott, 

1974). In ferroics, hard-modes typically depend on the order parameter 𝑄, as given by the 

following expression: 

(∆𝜔)2 = 𝐴𝑄𝑚 + 𝐵𝑄2𝑚                                                          (9) 

The parameter 𝑚 in equation (9) represents the faintness critical exponent that 

couples to the order parameter in the Landau free energy, with A and B dimensional constants. 

It has been previously established that the strain is the primary order parameter in proper 

ferroelastics. Equation (9) describes proper ferroelasticity for 𝑚 = 1 (Aizu, 1972; Tolédano e 

Tolédano, 1980), while impropers correspond for 𝑚 ≥ 2 (Harter et al., 2017). In pseudo-proper 

ferroelastics, the profile of the hard mode depends on 𝑄𝑚 = (𝑇𝑐 − 𝑇)𝑚, where 𝑇𝑐 is the critical 

temperature. Therefore, for the experimental critical exponent of the order parameter obtained 

in equation (6), which is 𝑚 = 2𝛽 = 1/2, the reduction of the temperature-dependent hard-

mode frequency must follow the form for proper, improper, and pseudo-proper ferroelastics 

given by in the equation (9) as: 

{

   (∆𝜔)2 = 𝐴(𝑇𝑐 − 𝑇) + 𝐵(𝑇𝑐 − 𝑇)2        𝑃𝑟𝑜𝑝𝑒𝑟 

(∆𝜔)2 = 𝐴(𝑇𝑐 − 𝑇)2 + 𝐵(𝑇𝑐 − 𝑇)4       𝐼𝑚𝑝𝑟𝑜𝑝𝑒𝑟

  (∆𝜔)2 = 𝐴(𝑇𝑐 − 𝑇)1/2 + 𝐵(𝑇𝑐 − 𝑇)   𝑃𝑠𝑒𝑢𝑑𝑜 − 𝑃𝑟𝑜𝑝𝑒𝑟

                   (10)  

Figure 17 shows the temperature dependence of selected Raman-active modes in 

Cs2FeCl5.H2O. The low-temperature modes clearly describe the SPT in the sample. The fit of 

equation (10) for 𝑇 < 𝑇𝑐 exhibit the behavior of the selected vibrations related to proper 

ferroelastics (𝑚 = 1 condition), indicating the presence of full proper ferroelasticity in the 

compound. 
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Figure 17 – Selected temperature-dependence Raman mode frequencies obtained for 

Cs2FeCl5.H2O. 

 

Source: Elaborated by the author. 

Ultimately, the low-temperature SCXRD, DSC, and Raman spectroscopy were used 

to investigate the full ferroelastic Aizu-type mmmF2/m phase transition in Cs2FeCl5.H2O, 
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thereby shedding new light on the novel ferroic order in this compound. Strain matrix theory 

has been employed to analyze the sample structural order and found that the strain-adapted 

symmetry component e5 exhibits second-order behavior consistent with Landau theory. Our 

analysis shows that the transition is driven by a displacive mechanism of the FeCl5.H2O 

octahedra, as revealed by DSC measurements, which show a first-order transition with the low-

enthalpy present in the transition. Furthermore, the hard-mode displayed by Raman 

spectroscopy was used to validate the ferroelastic nature of the phase transition, which showed 

good agreement with the expression (9) for 𝑚 = 1. This suggests that the compound presents 

both orders around the full ferroelastic transition, describing a weakly first-order (or nearly 

second-order) nature. Our results provide valuable insights into the complex ferroic behavior 

in Cs2FeCl5.H2O and suggest potential applications for this material in multifunctional devices 

that harness the coupling between different ferroic orders. 
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4 DMA-BASED HYBRIDS PEROVSKITES DMAPbX3 (X= Br, I)  

Hybrid halide perovskites (HHPs) have gained significant attention in optoelectronics due to 

their unique combination of tunable properties, solution processability, and low-cost 

fabrication. HHPs based on organic molecules, such as methylammonium (MA: [CH3NH3]
+), 

have attracted particular interest in the scientific community since their thin-film samples based 

on MAPbI3 demonstrated record-breaking power conversion efficiencies in solar cells (22.1%) 

in 2014 (Huang et al., 2017), his breakthrough spurred investigations into other organic ions to 

achieve similar or better results. For example, dimethylammonium (DMA: [(CH3)2NH2]
+) has 

shown strong photoluminescence and promising properties for applications such as light-

emitting diodes and lasers (McMeekin et al., 2023). This chapter presents two distinct research, 

the investigation of order-disorder low-temperature structural transitions in DMAPbBr3 using 

a combination of temperature-dependent synchrotron powder X-ray diffraction (SPXRD), 

differential scanning calorimetry (DSC) and Raman spectroscopy, which results were published 

in the high impact journal (Journal of Materials Chemistry C: IF-8.067) with a name: Uniaxial 

negative thermal expansion in the [(CH3)2NH2]PbBr3 hybrid perovskite (Rodríguez-Hernández et 

al., 2022); and the study of the low-temperature dependence of the optical properties of 

DMAPbI3 using thermomiscropy and photoluminescence. 

4.1 Introduction 

Lead hybrid halide perovskites are considered one of the biggest breakthroughs in 

the research field of solar cells in recent years. The confluence of several exceptional and 

unprecedented factors, including high efficiencies above 25% (Green et al., 2022), abundant 

raw materials, and simple fabrication, makes lead halide perovskites very promising materials 

for the next generation of low-cost and high-efficiency photovoltaic technology (Yakunin et 

al., 2015). Hybrid perovskite solar cells are based on organic–inorganic lead halide perovskites 

with the general formula APbX3 where A is commonly an organic cation (such as 

methylammonium (MA) [CH3NH3]
+ or formamidinium (FA)  [CH (NH2)2]

+), an inorganic 

cation (Cs+) or a mixture of both types and X is a halide anion (Cl-, Br-, I-) (Jeon et al., 2014; 

Park, 2013). Despite the spectacular advances in improving efficiencies, many issues remain 

unclear and subject to debate, such as the origin of their photovoltaic performance and their 

light and thermal instability (Djurišić et al., 2017).  

Addressing these issues, cation engineering has provided a strategy to control the 

structure and properties of hybrid halide perovskites, resulting in solar cells with the highest 

https://doi.org/10.1039/D2TC02708A
https://doi.org/10.1039/D2TC02708A
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performance and improved stability. In this context, the effect of different dopants in the A-site 

has been tested in the last few years (Chatterjee e Pal, 2018; Gao et al., 2020; Zhou et al., 2018). 

Such studies have revealed that the introduction of a dimethylammonium (DMA) cation in this 

site leads to materials with high efficiencies (Chen et al., 2019)  that are highly stable (Eperon 

et al., 2020). It is also worth noting that such doping can be intentionally promoted, as has been 

done in the hybrid perovskites (MAPbI3 (Franssen et al., 2018; Franssen, Heumen, Van e 

Kentgens, 2020; Ju et al., 2017; Shi, Zhifang et al., 2017), MAPbBr3 (Anelli et al., 2019; 

Simenas et al., 2020), CsPbI3 (Bian et al., 2020; Ke et al., 2018; Meng et al., 2020; Pei et al., 

2019; Wang et al., 2019) and FAxCs1–xPbIyBr3-y (Kothandaraman et al., 2020)); or it can take 

place unintentionally due to the formation of the DMA cation in the reaction medium as a 

consequence of the degradation of dimethylformamide (DMF), the most commonly used 

solvent for the synthesis of hybrid perovskites (Franssen, Heumen, Van e Kentgens, 2020; Ke 

et al., 2018; Lee et al., 2017). Dimethylamine obtained from the degradation of the DMF 

solvent plays an important role in solar cell crystallization and optoelectronic quality (Pei et al., 

2019).  

Similar to MA-based HHPs, hybrids halide perovskites based on DMA ions have 

shown tunable optoelectronic properties that can be optimized for different applications, such 

as photovoltaics and light-emitting diodes. DMA-based perovskites have a smaller ionic radius 

than MA-based perovskites, which affects the material crystal structure and electronic 

properties (Wang et al., 2021). DMA-based perovskites exhibit improved stability and moisture 

resistance compared to MA-based perovskites, making them attractive for practical applications 

(Chen et al., 2019). The previous facts highlight the importance of investigating pure DMA-

based perovskites to understand the role of DMA cations in mixed-cation hybrid perovskites 

(García-Fernández et al., 2018; Mancini et al., 2016). In this context, investigate the thermal 

evolution of the crystal structure of the DMAPbBr3 compound, particularly close to its 

structural phase transition, to obtain information about the thermomechanical response and the 

relationship between its crystal structure and functional properties. To achieve this goal, the 

structural transition and lattice dynamics of the DMAPbBr3 hybrid hexagonal perovskite were 

characterized by temperature-dependent Raman spectroscopy. 
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4.2 Order-disorder structural phase transition on DMAPbBr3 

From a structural perspective, DMAPbX3 compounds exhibit hexagonal perovskite 

polytypes due to the relatively large size of the A-site cation, which is too large to fit into the 

cuboctahedral cavity of a conventional cubic perovskite (Nguyen e Cava, 2021). While 

compounds with Cl- and Br- exhibit a 4H-hexagonal perovskite polytype, DMAPbI3 presents a 

2H-hexagonal perovskite structure (García-Fernández et al., 2017). The main difference 

between these polytypes is the arrangement of the inorganic framework. The 4H-polytypes 

consist of [Pb2X9]
5 units formed by two face-sharing [PbX6]

4 octahedra and bioctahedra 

connected by corner-sharing, forming a 3D framework. In contrast, the crystal structure of the 

2H-polytype comprises infinite chains of face-sharing [PbI6]
4. In both cases, the DMA organic 

cations are located in the cavities or among the chains of the inorganic framework. 

As the basic cubic hybrid lead halide perovskites (Faghihnasiri, Izadifard e Ghazi, 

2017; Linaburg et al., 2017; Wang, Xiao e Wang, 2020; Xu et al., 2017), the 2H- and 4H-

hexagonal perovskites also exhibit first-order thermally induced crystal structural phase 

transitions (SPT) at Tt, where the low-temperature (LT) phase transforms into a high-

temperature (HT) phase upon heating. For DMAPbBr3, an SPT occurs at Tt = 250 K, from an 

LT-phase with orthorhombic symmetry with space group (S.G) P212121 to an HT-phase with 

hexagonal symmetry S.G: P63/mmc (García-Fernández et al., 2019). DSC measurements 

confirm the expected first-order structural phase transition described by (García-Fernández et 

al., 2019), as shown in Figure 18. 

The difference between these polytypes lies in the arrangement of the inorganic 

framework. The 4H-polytypes consist of [Pb2X9]
5 units formed by two face-sharing [PbX6]

4 

octahedra and bioctahedrons connected by corner-sharing, forming a 3D framework. In 

contrast, the 2H-polytype has infinite chains of face-sharing [PbI6]
4. In both cases, the DMA 

organic cations are in the cavities or among the chains of the inorganic framework. Both 

crystalline phases of DMAPbBr3 crystal structures were confirmed using the Le Bail method 

using the EXPO-2014 method to refine the temperature-dependent synchrotron powder X-ray 

diffraction (SPXRD) patterns with those reported in the crystallographic database codes ICSD: 

402591 from room temperature (Geselle e Fuess, 1997), and the CCDC:1855520  from low-

temperatures (García-Fernández et al., 2019) (see Figure 19). 
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Figure 18 – DSC results as a function of temperature obtained by heating and cooling cycles 

of the DMAPbBr3 sample at 5K.min-1 in the 150-300K range. 

 

Source: Elaborated by the author. 

The observed thermal hysteresis confirms the first-order phase transition, resulting 

in an entropy change (∆𝑆) of ~ 8.6 J mol-1 K-1 (heating) to 9.8 J mol-1 K-1 (cooling), mainly 

attributed to the disorder of the [(CH3)2NH2]
+ guest. In the LT-phase, all atoms have unitary 

occupation factors, and the dipole moments associated with the DMA cations are arranged 

antiparallel. However, the DMA cations in the HT-phase are strongly disordered over two 

different configurations. These configurations are characterized by: (a) the DMA cations 

occupying the unobstructed hexagonal channels formed by the framework along the c-axis, 

where each C atom occupies eight positions (occupancy factors 0.17 × 6 for C3 and 0.5 for C1) 

while the N atoms are disorder over six sites (occupancy factors 0.17 × 6 for N2), and (b) in 

which the N (N1) atoms have a six-fold disorder, and the C (C2) atom is split between two 

positions. 
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Figure 19 – The crystal structures of (a) P63/mmc at 330 K with the ICSD: 402591, (b) the 

P212121 at 130 K with the CCDC:1855520. 

 

 

Source: Elaborated by the author. 

 According to crystallographic data analysis of the ordered to six-fold disordered 

[(CH3)2NH2]
+ ions, the ratio of the respective numbers of microstates 𝑁2 𝑁1⁄ , where 𝑁1 and 𝑁2 

is the number of states possible states at low-phase and high-phase, respectively. Both phases 



 

49 

can be estimated using Boltzmann’s equation ∆𝑆 = 𝑅ln(𝑁), where R is the gas constant, and 

𝑁 is the ratio of the number of configurations in the disordered and ordered systems. The 

corresponding value of 𝑁 = 6 was calculated, and therefore, an entropy change of 14.9 J.mol-1 

K-1 should be expected. This residual entropy suggests an important role for the relaxing 

character in the order-disorder mechanism involved in the transition (Du, Sun, et al., 2015; Du, 

Xu, et al., 2015; Samantaray et al., 2012). 

Figure 20 shows the obtained Raman spectra of both crystal HT- and LT- phases, 

which are similar to those reported for other hybrid halide perovskites with methylammonium 

(MA) cations (Lavan et al., 2021; Nakada et al., 2019; Quarti et al., 2014), FAPbBr3 FA= 

formamidinium (Ghosh et al., 2021; Mączka e Ptak, 2022; Spirito et al., 2022), MHyPbCl3 

[MHy (methylhydrazinium) = CH3NH2NH2]
+ (Mączka et al., 2020), and other compounds such 

as (HA)2PbX4 with X = Br or I and [HA (hexylammonium) = C6H13NH3]
+, (BA)2PbI4 [BA 

(butylammonium) = C4H9NH3]
+ and (BNA)2PbI4 [BNA (benzylammonium) = C6H5CH2NH3]

+ 

(Lavan et al., 2021) (see Table 4).  

Figure 20 – Raman spectra of DMAPbBr3 at 300 K (orange) and 140 K (blue) in (a)–(c) low 

wavenumbers and (b)–(d) DMA-internal modes. 

 

Source: Elaborated by the author 
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Table 4 – Frequencies (ν in cm-1) and proposed assignments of experimental Raman-active 

modes in DMAPbBr3 in both phases compared for similar compounds APbX3 (A=DMA, MA, 

FA; X=Br, I, HCCO) (Ibaceta-Jaña et al., 2020; Kontos et al., 2020; Leguy et al., 2016; 

Ma̧czka, M. et al., 2014; Niemann et al., 2016; Pérez-Osorio et al., 2015, 2018). 

Mode (#) 
DMAPbBr3 

295K (cm-1) 

DMAPbBr3 

140K (cm-1) 

Observed Position in 

Similar Compounds (cm-1) 
Assignment 

1 46 50 41-50 δs (Br-Pb-Br) 

2 59 67 56-66 δas (Br-Pb-Br) 

3 85 83 76-93 νs (Br-Pb-Br) 

4 106 107 98-106 νas (Br-Pb-Br) 

5 116 115 118 DMA Translation 

6 128 126 126-129 DMA Libration 

7 -- 132 138 DMA Libration 

8 143 142 145-175 DMA Libration 

9 -- 250 243-262 τ (H3C-N-CH3) 

10 -- 262 262-297 τ (H3C-N-CH3) 

11 -- 385 323-326 τ (H3C-N-CH3) 

12 395 396 401-402 τ (H3C-N-CH3) 

13 807 798 803 δ (H3C-N-CH3) 

14 870 871 890-906 ρ (H3C-N-CH3) 

15 998 1000 994 ν (H3C-N-CH3) 

16 1063 1058 1030-1059 νas (H3C-N-CH3) 

17 1222 1221 1227 ρ (CH3) 

18 1238 1236 1231-1236 ρs (CH3) 

19 1339 1335 1351-1353 δs (CH3) 

20 -- 1343 1351-1353 δs (CH3) 

21 1379 1378 1366-1370 δs (CH3) 

22 1402 1397 1399-1403 δas (CH3) 

23 1427 1421 1416-1428 δs (NH2) 

24 -- 1444 1444-1450 δs (NH2) 

25 1447 1449 1457-1478 δas (NH2) 

26 -- 1553 1533-1536 δas (NH2) 

27 1563 1565 1544-1596 δas (NH2) 

28 2802 2792 -- ν (C-H) 

29 2849 2841 2821-2845 νs (C-H) 

30 2900 2892 2896 νs (C-H) 

31 -- 2923 2931-2938 νas (C-H) 

32 2952 2951 2952-2966 νas (C-H) 

33 3017 3016 3026 νas (C-H) 

34 3029 3032 3030-3036 νs (N-H) 

35 3095 3101 3080-3106 νs (N-H) 

36 3157 3140 3124-3144 νas (N-H) 

37 -- 3174 3172-3179 νas (N-H) 

Abbreviations: ν: stretching; δ: bending; τ: twisting/torsion; ρ: rocking; ω: wagging; as: asymmetric; s: 

symmetric. 

Source: Elaborated by the author. 

As shown in the Raman spectra of DMAPbBr3 (see Figure 20), numerous bands are 

observed in the wavenumber range of 55 to 3200 cm-1, with 37 modes in the LT-phase and 28 

in the HT-phase. The bands are broad mainly at low wavenumbers, where the lattice modes are 
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located. This broadening is expected due to the disordered structure of the HT-phase. In 

contrast, at low temperatures (LT-phase), more defined modes and new modes are observed. 

The proposed assignment of the observed modes in both phases is provided in Table 4. Such 

assignment was based on a comparison of the measurement spectrum with other similar 

compounds with the same structural formula APbX3, where A is an organic molecule such as 

DMA, MA, and FA, and X is an anion such as bromide (Br), iodide (I), and HCCO (formate). 

Figure 22 to Figure 25 describe the temperature-dependent Raman spectra obtained 

for DMAPbBr3 obtained in the temperature range from 10 K up to room temperature. The 

temperature-dependent spectra presented in Figure 21 are related to Br–Pb–Br modes (40–110 

cm-1) and rigid-body motion of DMA organic cation modes (115–150 cm-1). The Br–Pb–Br 

modes are more susceptible to the off-center shift of the lead atoms. It was observed that the 

bending modes at 46 and 59 cm-1 exhibit a standard softening on heating, while the stretching 

modes at 85 and 106 cm-1 undergo a sudden blueshift. These changes can be related to the 

shrinking of the bonds, as the octahedra become more regular and the Pb–Br bonds shorten and 

become stronger (García-Fernández et al., 2019). 

Regarding the spectrum range associated with the rigid DMA motion, the modes at 

116, 128, and 143 cm-1 show significant changes in the mode position, highlighting the SPT at 

250 K. The most intense band in this spectral region is the mode at 128 cm-1, which is assigned 

to DMA rotation and exhibits such modifications. A new band (at 132 cm-1) was also observed 

at low temperatures, which was assigned to another DMA libration (Leguy et al., 2016). The 

modes in the wavenumber range higher than 200 cm-1 correspond mainly to the internal 

vibrations of the DMA-cation entities in channels/cavities. Although these band zone 

descriptions are present and well-defined in the Raman spectrum, the organic and inorganic 

sublattices can couple, causing lattice distortion (Grechko et al., 2018; Menahem et al., 2021). 

In particular, hydrogen bonding has been identified as a significant contribution to the relative 

stability of crystal phases that lead to organic cation ordering at low temperatures (El-Mellouhi 

et al., 2016; Svane et al., 2017). 
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Figure 21– Left panel: Temperature-dependent normalized Raman spectra obtained for the 

DMAPbBr3 crystal range between 140-300 K in the 40–200 cm-1 range, Right panel: 

Temperature-dependent behavior of the mode positions observed in this wavenumber region. 

  

Source: Elaborated by the author. 

Figure 22– Left panel: Temperature-dependent normalized Raman spectra obtained for the 

DMAPbBr3 crystal range between 140-300 K in the 200-600 cm-1 range, Right panel: 

Temperature-dependent behavior of the mode positions observed in this wavenumber region. 

 

Source: Elaborated by the author. 
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 Figure 22 shows the temperature-dependent behavior of Raman spectra in the 

range from 200 to 600 cm-1, primarily showing the DMA molecule torsions. This region 

presents low-intensity modes, with the modes at 250 and 260 cm-1 only detected below 170 K. 

The mode observed in both structural phases at 395 cm-1 exhibits anomalous hardening with 

heating and undergoes a discontinuity in the mode position at Tt =250 K. Additionally, a new 

band emerges at 385 cm-1 after the SPT and presents abnormal hardening. Figure 23 shows the 

temperature dependence of the modes observed between 750 and 1100 cm-1. Modifications in 

the mode positions are observed in these modes, confirming the SPT at 250 K. In particular, the 

band at ~ 800 cm-1, assigned to (H3C–N–CH3) bending, exhibits anomalous hardening, 

followed by a strong discontinuity (~ 8  cm-1) and sudden broadening of the full width at half 

maximum (FWHM), as shown later. The (H3C–N–CH3) and NH2 bending, stretching, and 

rocking modes are sensitive to the hydrogen bond between the DMA cation and the Pb-Br 

framework. Therefore, they are suitable probes for this coupling interaction (El-Mellouhi et al., 

2016; Grechko et al., 2018; Kieslich et al., 2018; Svane et al., 2017). 

Figure 23 – Left panel: Temperature-dependent normalized Raman spectra obtained for the 

DMAPbBr3 crystal range between 140-300 K in the 750–1100 cm-1 range, Right panel: 

Temperature-dependent behavior of the mode positions observed in this wavenumber region. 

 

Source: Elaborated by the author. 
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The CH3 rocking modes and CH3 and NH2 bending of the DMA groups are observed 

in the wavenumber region between 1200 and 1600 cm-1, which is shown in Figure 24. It is 

interesting to observe that some modes are not very sensitive to SPT. This is not surprising 

since the main change involving the DMA cations at the transition consists of its freezing into 

one position under cooling. Nonetheless, the main changes observed in this region are the 

splitting of the modes at 1339, 1447, and 1563 cm-1, which are assigned to the symmetric 

bending of CH3, symmetric bending of NH2, and antisymmetric bending of NH2, respectively, 

and the anomalous hardening (on heating) of the mode at 1553 cm-1, which is observed only in 

the LT-phase, and is assigned as antisymmetric bending of NH2. 

Figure 24 – Left panel: Temperature-dependent normalized Raman spectra obtained for the 

DMAPbBr3 crystal range between 140-300 K in the 1100–1600 cm-1 range, Right panel: 

Temperature-dependent behavior of the mode positions observed in this wavenumber region. 

 

Source: Elaborated by the author. 

Figure 25 shows the last wavenumber range (2700–3200 cm-1) of the measured 

Raman spectra, which relates to the CH3 and NH2 stretching modes. Notably, some of the 

previous observations are highlighted in this region. First, significant changes in the modes at 

2849, 2900, 2950, and 3017 cm-1 clearly show the SPT. Second, a new mode at 2923 cm-1 in 

the LT-phase is observed, exhibiting a standard softening on heating. It was observed four NH2 

stretching modes in the spectra, which are highly associated with the H-bond coupling. Usually, 
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these modes shift toward lower wavenumbers (Arunan et al., 2011; Arunan e Mani, 2015; 

Bordallo et al., 2007; Haughey e Beveridge, 1969). H-bond formation in the structure affects 

the N–H stretching vibrations. Usually, when no H-bonds are formed, such modes are observed 

for wavenumbers higher than 3300 cm-1 (Haughey e Beveridge, 1969). However, in the 

presence of H-bonds, such stretching modes shift toward lower wavenumbers (Arunan et al., 

2011; Arunan e Mani, 2015; Bordallo et al., 2007). However, in the presence of H-bonds, such 

stretching modes shift toward lower wavenumbers. As we can see, the NH2 stretching modes 

observed here were up to 3173    cm-1, which suggests the presence of H-bonds in the structure. 

Another significant point is the hardening of the NH2 stretching modes in both phases when the 

temperature increases. As the temperature increases, the H-bonds become weaker, which leads 

to a hardening of these modes. Additionally, the broadening of NH2 bands, including scissoring 

at 1563 cm-1, suggests that these H-bond are dynamically disordered. 

Figure 25 – Left panel: Temperature-dependent normalized Raman spectra obtained for the 

DMAPbBr3 crystal range between 140-300 K in the 2700–3200 cm-1 range, Right panel: 

Temperature-dependent behavior of the mode positions observed in this wavenumber region. 

 

Source: Elaborated by the author. 

On the other hand, since the phonon lifetime depends on the structural features, it 

could be related to the SPT in the DMAPbBr3 perovskite. The common FWHM broadening 

with increasing temperature relates to anharmonicity and thermally activated reorientation 
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processes. However, order–disorder phase transitions are usually observed in metal-organic 

frameworks, and the molecular guest has highly dynamic behavior. Thus, we expect some 

modes to exhibit significant changes in the FWHM related to SPT at the critical temperature. 

Additionally, it is interesting that FWHM is sensitive to short- and long-range disorder effects 

since the internal modes are more dependent on short-range order (Mirosław  Mączka et al., 

2014; Silva et al., 2020). Indeed, several DMA-related phonons exhibit significant changes in 

FWHM, as shown in Figure 26.  

Figure 26 – Temperature-dependent FWHM of selected modes of DMAPbBr3. 

 

Source: Elaborated by the author. 

The FWHM increases around Tt, indicating a short phonon lifetime due to a much 

less ordered structure at high temperatures. Specifically, the deformation modes of the DMA+ 

framework, namely the 𝛿 (H3C–N–CH3), 𝜌 (H3C–N–CH3) and 𝜐 (H3C–N–CH3) modes exhibit 

abrupt variations, almost doubling its FWHM. This significant increase in their widths reflects 
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the statistical disorder of the DMA cations and their hopping motion between different 

orientations (Schlaak, Couzi e Huong, 1976; Trzebiatowska et al., 2019). Furthermore, as 

mentioned before, the H3C–N–CH3 framework and NH2 modes are expected to be sensitive to 

H-bonds. As the dynamic disorder of the cations increases, the bandwidths of modes involving 

vibrations of the NH2 groups are also expected to increase. This effect is observed in the bending 

mode 𝛿as (NH2) and the symmetrical stretching mode υs (N–H), which show variations in their 

widths of ~12 and ~ 9 cm-1, respectively. The strong increase in FWHM after the SPT reflects 

the dynamic nature of the HT-phase and provides evidence for ordering H-bonds at low 

temperatures (El-Mellouhi et al., 2016; Ma̧czka, Mirosław et al., 2014; Munson et al., 2018; 

Rok et al., 2019; Trzebiatowska et al., 2019). This increase also demonstrates a correlation 

between the strengths of hydrogen bonding, the free motion of the DMA, and the mechanisms 

of structural order-disorder phase transitions. 

Finally, the low-temperature measurements showed the first-order structural phase 

transition of DMAPbBr3 via an order-disorder mechanism at 250 K. At room temperature, 

DMAPbBr3 exhibits a complex disordered structure for DMA with space group P63/mmc, 

which is frozen at low temperatures. The low-temperature crystalline structure is orthorhombic 

with space group P212121. Additionally, the thermal evolution of the crystal structure and lattice 

dynamics was studied by Raman spectroscopy, which evidenced the order–disorder nature of 

the transition, probing the presence of an H-bond between the DMA cation and the framework. 

The full width at half maximum (FWHM) of the Raman peaks shows a sharp increase during 

the phase transition, and the high-temperature phase exhibits broader peaks than the low-

temperature phase, which can be attributed to the molecular motions of the DMA cations in the 

high-temperature phase.  

Furthermore, we have observed the weakening of the intermolecular interactions 

(H-bond) upon heating, indicating the correlation with the DMA+ cation dynamics in the high-

temperature phase related to the frameworks. These observations suggest that the dynamics of 

the DMA cations and the framework are strongly coupled and play a crucial role in the structural 

phase transition mechanism of DMAPbBr3. The combined powder X-ray diffraction, DSC, and 

Raman spectroscopy provide a comprehensive understanding of the structural and lattice 

dynamics of DMAPbBr3. The observed anomalous thermomechanical response and the 

weakening of intermolecular interactions and molecular motions of DMA cations shed light on 

the importance of the cation-framework interaction in organic-inorganic hybrid perovskites. 
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4.3 Low-temperature optical response of DMAPbI3 

As discussed in the DMAPbBr3 subsection, the DMAPbX3 (X =Cl, Br, I) 2H- (for 

iodide) and 4H-hexagonal (for chloride and bromide) perovskites exhibit first-order thermally 

induced crystal structural phase transitions (SPT) at Tt, whereby the low-temperature (LT) phase 

transforms into a high-temperature (HT) phase upon heating (García-Fernández et al., 2017, 

2019; Rodríguez-Hernández et al., 2022). The 4H-polytypes are characterized by a 3D 

framework consisting of [Pb2X9]
5 units formed by two face-sharing [PbX6]

4 octahedra and 

bioctahedrons connected by corner-sharing, while the crystal structure of the 2H-polytype 

comprises infinite chains of face-sharing [PbI6]
4. In both cases, the DMA cation is located in 

the cavities or among the chains of the inorganic framework in a disordered position.  

The DMAPbX3 compounds with X = Cl or Br as a halide ion exhibit an SPT at Tt (for 

Cl) at 320 K and a Tt (for Br) at 250 K from an LT-phase with orthorhombic symmetry with 

space group (S.G) P212121 to an HT-phase with hexagonal symmetry S.G: P63/mmc (see Figure 

19) (García-Fernández et al., 2019; Rodríguez-Hernández et al., 2022). Meanwhile, DMAPbI3 

undergoes a structural phase transition at Tt = 250 K from monoclinic symmetry with S.G: P21/c 

(LT-phase) to hexagonal symmetry with S.G: P63/mmc at room temperature (HT-phase) 

(García-Fernández et al., 2017). Remarkably, these three DMA hybrid compounds involve two 

cooperative processes: a) an order-disorder process involving the DMA cations, whereby in the 

LT-Phase, all DMA atoms occupy a single crystallographic position ordering the molecule 

above Tt, while those atoms occupy higher symmetry sites in the HT-Phase. However, the 

atoms of the organic molecule exhibit a larger orientational degree of freedom and do not 

occupy the complete crystal site(Shi, Z. et al., 2021); and b) a shift of the Pb2+ cations from an 

off-centered position in the LT-phase to a centered one in the HT-phase. To validate the 

successful synthesis of the DMAPbI3 compound, powder x-ray diffraction was performed, and 

the results were corroborated with those reported by (García-Fernández et al., 2017) 

ICSD:243860 (see Figure 27). 
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Figure 27 – The DMAPbI3 crystal structure at room-temperature refined by Rietveld with the 

(ICSD:243860). 

 

Source: Elaborated by the author. 

A sharp dielectric transition occurs in all three hybrid DMAPbX3 hexagonal 

perovskites associated with the structural phase transition discussed above. The LT-phase of 

the bromide compound exhibits a broad red-light photoluminescence (PL) emission (620 nm) 

and PL excitation with a maximum at a soft UV wavelength (360 nm). This broadband emission 

is suggested to be related to the self-trapped exciton mechanism, which may be associated with 

the particular structural arrangement of the Pb-Br framework, while the significant Stokes shift 

is connected to the large structural distortion. These features make lead halide hexagonal 

perovskites promising crystal structures for understanding and designing new hybrid materials 

with broad photoluminescence emission and dielectric properties (García-Fernández et al., 

2017, 2018, 2019). The DMA-based family compound and the DMAPbI3 could offer potential 

optoelectric applications and properties in extreme conditions. Hence, optical analyses at low-

temperature have been provided; two different phenomena were described, i) a thermo-chromic 

character after Tt, whereby the sample loses its characteristic yellow color to become white, 

and ii) the prohibited electronic states change during the proper modification involving the SPT 
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in the material to permit a bright red-light low-temperature PL. This subsection details the 

observed results for the DMAPbI3 compound, highlighting their features. 

Methylammonium lead iodide (MAPbI3) is a prototypical hybrid perovskite that 

undergoes multiple temperature-dependent structural phase transitions. One of the more 

extensively studied phase transitions is tetragonal (P4mm) to cubic (Pm3̅m) transition at 327 

Kodifies the metal-halide octahedra network (Stoumpos, Malliakas e Kanatzidis, 2013). As a 

result, the material's optoelectronic and solar cell performance lightly changes upon structural 

phase transition (Lin et al., 2018). The phase transition features new optoelectronic properties, 

such as bandgap, photoluminescence, quantum efficiency, and charge carrier mobility (Xu et 

al., 2021). Induced structural phase transitions could lead to switchable characteristic states 

with distinctive visible phenomena, making these materials promising candidates for 

photovoltaic solar cells and smart windows for partial or total color modification as a function 

of an external condition (Shi et al., 2020; Xue et al., 2018). Previous research has demonstrated 

that DMAPbI3 undergoes an SPT at Tt = 250 K, with an order-disorder mechanism similar to 

other DMA-related family compounds. The transition process involves the manifestation and 

modification of specific orbital interactions between the 6s orbital of Pb2+, which permits the 

off-center Pb movement in the [Pb2X9]
5 unit (García-Fernández et al., 2017). Typically, this 

orbital mixing is low; however, a strong orbital mixing occurs due to the active pair effect, 

producing electronic states (Brenner et al., 2016). Exceptionally, DMAPbI3 exhibits stronger 

orbital mixing than MAPbI3, which could potentially show new properties of the sample at low 

temperatures. 

Figure 28 shows images of a high-resolution intensity map scale obtained from 

DMAPbI3 when excited with white LED light Figure 28(a)) and excited with UV 405 nm 

(Figure 28 (b)) for selected temperatures, which were obtained by thermomicroscopy. The 

images show that DMAPbI3 exhibits two distinct phenomena associated with the SPT at Tt. 

Such events occur after the complete transformation of the phase, as shown in the cooling cycle 

in the DSC measurement (Figure 28 (c)). First, when irradiated with white light, the crystal 

exhibits a thermochromic effect, where the characteristic yellow color of the sample becomes 

white (Figure 28 (a)). Also, when irradiated with UV light, it shows an orange-red  PL emission 

appearance (Figure 28 (b)).   
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Figure 28 – High-resolution intensity maps of DMAPbI3 showing (a) the thermo-chromic 

effects and (b) the light orange-red photoluminescence after the structural phase transition, 

accompanied by (c) the cooling DSC process. The orange dashed bar separates the two phases, 

and the linear guides (blue and green) the eyes, indicating the trend modification of both curves 

around Tt. 

 

Source: Elaborated by the author. 

 Both optical phenomena, thermochromic and photoluminescence, are reversible and 

depend on temperature. Interestingly, the intensity of both phenomena increases as the 

temperature decreases, similar to the behavior observed in MAPbI3. It was suggested that 

thermochromism in MAPbI3 is due to a reversible hydration/dehydration process induced by 

the SPT is responsible for thermochromism. Moisture ingress causes the lattice to relax to its 

initial phase, resulting in a return to the original sample color (Lin et al., 2018). 

The low-temperature photoluminescence phenomenon observed in DMAPbI3 has been 

attributed to the presence of self-trapped excitons (STEs) produced by photogenerated holes 

resulting from the SPT mechanism (Liu, S. et al., 2021; Roy et al., 2021). The difference in 

photoluminescence between the high-temperature and low-temperature phases can be 

reasonably explained by considering the thermal lattice and interaction between electrons and 

phonons (Han et al., 2022). At high temperatures, both processes are maximized, leading to a 
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non-radiative emission path. However, at low temperatures, the lattice relaxation facilitates the 

conditions for producing electron-hole pairs, generating STEs states with radiative emissions 

equivalent to the observed photoluminescence. 

 It is important to note that a thorough understanding of the underlying mechanisms that 

govern these phenomena is crucial for optimizing DMAPbI3-based devices. In this context, a 

deeper understanding of the low-temperature photoluminescence of the sample is essential for 

developing advanced and efficient optoelectronic devices. Thus, let us discuss the mechanisms 

that govern the photoluminescence origin of DMAPbI3 at low temperatures. The crystal 

structure of DMAPbI3 can be described as a one-dimensional (1D) infinite chains of octahedra 

and bioctahedra connected by corner-sharing along the c-axis, which classifies the compound 

as low-dimensional hybrid halide perovskites (HHPs). Such low-dimensional HHPs materials 

usually exhibit typical luminescent properties of large Stokes shift and broadband emissions 

(Mao, Stoumpos e Kanatzidis, 2019). The presence of vacancies in the sample via structural 

disorder facilitates optical excitation, typically attributed to recombining STEs. The formation 

of STEs is due to the strong electron-phonon coupling present in distortional lattices, which 

generally generates small polarons binding the excitons under excitation (Ghosh e Spano, 2020; 

Han, Cheng e Cui, 2022). Photoluminescence spectroscopy shows that the PL spectra are highly 

susceptible to distortions in the material, as well as to the electronic-charge carrier, resulting in 

modifications of the energy emission, intensity, and full width at half maximum (FWHM) of 

the broadband, which could be directly related to a significant dependency of STEs emissions 

with structural distortions.  

It has been observed that low-dimensional perovskite-type configurations materials 

having distorted octahedra (intrinsically exhibiting electron-phonon interaction) have a higher 

probability of producing STEs emissions. Furthermore, in some cases, these states can only be 

accessed with external conditions that help relax the crystal structure, thereby increasing the 

STEs states contribution (Li et al., 2020; Zhang et al., 2021) or by undergoing a structural phase 

transition, which modifies the arrangement of the crystal structure  (Shi et al., 2019; Shi, Y. et 

al., 2021). It is noteworthy that DMAPbI3, as previously described, exhibits an SPT involving 

the order-disorder mechanism related to an off-center Pb+2 distortion in the octahedra and an 

indirect bandgap (García-Fernández et al., 2017). This unique behavior of DMAPbI3 provides 

an opportunity to investigate the underlying mechanisms governing the STEs emission in the 

sample and the effect of structural distortion on photoluminescence properties. 

The DMAPbI3 exhibits a continuous strong red bright broad emission centered at 680 

nm, equivalent to 1.82 eV at the LT-phase, similar to DMAPbBr3, which is attributed to a STE 
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mechanism too (García-Fernández et al., 2017). Figure 29 (a) shows the PL measurements at 

low temperatures of DMAPbI3. Observe that when the temperature decreases, the intensity of 

the PL spectra emission increases. It is important to highlight that the compound exhibited a 

double self-trapped exciton (STEs) emission band at 110 K, which increased to a triple-

emission band at 70 K. The thermal expansion coefficient and the vibration lattice cover these 

emissions at high temperatures (Dar et al., 2016).  

Accordingly, STEs are a band-to-band luminescence, indicating that electrons in the 

conduction band recombine with holes in the valence band, and the recombination process emits 

a phonon by a defect (Li et al., 2019; Shi, Y. et al., 2021). Thus, once electrons and holes are 

photogenerated, these excitons are self-trapped instantly because these self-trapped states are 

accessible and more stable in the presence of lattice distortion.  

The strength of electron-phonon can be evaluated by the Huang-Rhys factor 

𝑆 = ∆𝐸 ℏ𝜔⁄ , which is the number of phonons emitted after the carrier capture (Whalley et al., 

2021). Figure 29 (b)–(d) describes the separated Pearson contributions related to each PL band 

present in DMAPbI3 denominated as PL-Bni (i=1,2,3). The increase and presence of STEs bands 

modify the color emission from light orange-red to strong bright red at low temperatures. 

Figure 29 (e) describes the center peak temperature dependence on all displayed bands. As a 

band-to-band nature PL, all the STEs recombinations processes could be explained and fitted 

by the following equation: 

𝐸(T) = 𝐸0 + 𝐴𝑇𝐸𝑇 + 𝐴𝐸𝑃 [
2

𝑒
ℏ𝜔
𝑘𝑏𝑇 − 1

+ 1]                                         (11) 

where the E(T) is the unnormalized bandgap at 𝑇 = 0 (𝐸0), 𝐴𝑇𝐸 is the weight of the thermal 

expansion, 𝐴𝐸𝑃 is the electron-phonon energy interaction, and ℏ𝜔 is the average optical phonon 

energy. The 𝐴𝐸𝑃 in equation (11) is analogous to ∆𝐸 for the Huang-Rhys factor (S), which 

indicates the electron-phonon coupling strength. Table 5 summarizes the adjusted parameters 

for (11) and the Huang-Rhys factor for each STEs PL-Bni (i=1,2,3). 
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Figure 29 – (a) Temperature-dependence PL spectra of DMAPbI3, obtained by exciting the 

sample with 405 nm light. The Pearson function decomposition of the spectrum exhibiting the 

self-trapped exciton (STEs) contribution states, refers as PL-Bni i=1,2,3 (Photoluminesce Band) 

at (b) 10K, (c) 70K and (d) 140 K, in which each temperature enables the contribution to the 

color coding. (e) The low-temperature dependence of peak centers for each STEs PL-Bni (i=1,2,3), 

where the data fits the equation (11).  

 

Source: Elaborated by the author. 

Table 5 – Fitted values of the adjustments for the PL Center parameters with the equation 

(11), where 𝑘𝑏 is the Boltzmann constant (8.617 x10−5 eV/K). 

STEs Contribution 𝐸𝑔 (𝑇=0𝐾) (eV) 𝐴𝑇𝐸  (meV.K-1) 𝐴𝐸𝑃 (eV) ℏ𝜔 (meV) 𝑆 

PL-Bn1 7.6 ± 0.9 0.111 ± 0.003 5.7 ± 0.9 100 ± 3 57 

PL-Bn2 1.5401 ± 0.0008 1.08 ± 0.04 0.014 ± 0.009 173 ± 11 0.08 

PL-Bn3 1.5195 ± 0.0009 1.00 ±0.09 0.013 ± 0.002 3.3 ± 0.2 3.93 

Source: Elaborated by the author. 
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The intensity increasing and presence of STEs bands in DMAPbI3 have important 

implications for optoelectronic applications as they modify the color emission and provide 

insight into the electron-phonon coupling strength of the material. The model described in (11) 

is used to understand the majority of contributions of the photoluminescence temperature 

dependence. The values in Table 5 show that electron-phonon coupling has a more significant 

effect than the thermal expansion effect. The Huang-Rhys factor (S), which measures the 

strength of electron-phonon coupling, is a figure of merit for evaluating and optimizing the 

STEs emission regime and establishing the carrier trapping process in soft semiconductors 

(Usually, 𝑆 ≫ 1 for a strong coupling regime). In DMAPbI3, the values of 𝑆 ~ 60 indicate a 

strong electron-phonon coupling regime, similar to other halide perovskites such as the 

inorganics CsPbBr3 (𝑆 = 12) (Pan et al., 2022), Cs3Sb2I9 (𝑆 = 42.7),  Rb3Sb2I9 (𝑆 = 50.4), 

Cs3Bi2I9 (𝑆 = 79.5)(McCall et al., 2017), and similar to 1D hybrids perovskites as 

C5H16N2Pb2Br6 (𝑆 = 54), [C6H7ClN]CdCl3 (𝑆 = 62.94) (Xu et al., 2022), and 

[C7H10N]3[BiCl5]Cl (𝑆 = 45) (Klement et al., 2021). 

 The accessible self-trapped excitons in high temperatures present a non-radiative 

recombination rate, which is unfavorable for the efficient emission of STEs at room 

temperature. However, at low temperatures, the DMAPbI3 compensated by the structural phase 

transition, the dynamics of inorganic off-center displacement of the Pb+2 ion is prone to SPT, 

producing the distortions surrounding the octahedra. These distortions are followed by electron 

capture, indicating the involvement of electron-phonon coupling and the production of excitons 

from self-trapping origins on the photoluminescence PL-Bni (i=1,2,3) bands.  

 To investigate the potential applications of intense red light-emitting diodes 

(LEDs), the effect of spectral power distribution was evaluated by CIE 1931 color space curve, 

which describes the (x,y) chromaticity coordinates (Zhu et al., 2019). The chromaticity 

coordinates of DMAPbI3 in the CIE-1931 color space as a function of temperature is presented 

in Figure 30, with the corresponding values given in Table 6. As shown, there is a distinct 

color transition from red-orange at 180 K to intense bright red at low temperatures, as depicted 

in Figure 29 (b)-(d).  

 

 

 



 

66 

Figure 30 – CIE-1931 color space with the temperature-dependent chromaticity coordinates of 

PL emissions of DMAPbI3 (Blue dots). 

 

Source: Elaborated by the author. 

The observed changes in color and brightness of DMAPbI3 are attributed to the 

appearance of the novel self-trapped exciton (STEs) PL-Bn2 at 110 K and PL-Bn3 at 70 K 

contributions in the photoluminescence spectra. These contributions modify the intensity of the 

emitted light and result in different chromaticity coordinates. This behavior is consistent with 

the previous discussion on the significant dependency on STEs and highlights the importance 

of understanding their role in determining the luminescent properties of low-dimensional hybrid 

halide perovskites. It is worth noting that the novel STEs contributions detected at low 

temperatures are indicative of the relaxation of the crystal structure, which enables the 

appearance of previously inaccessible states. Identifying these novel STEs contributions 

provides valuable insights into the luminescent properties of low-dimensional hybrid halide 

perovskites and their potential applications in optoelectronics. Moreover, the observed color 

transition in DMAPbI3 highlights the tunability of the optical properties of these materials at 

low temperatures, paving the way for the development of novel light-emitting devices.  
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Table 6 – Temperature-dependent chromaticity coordinates of DMAPbI3. 

Temperature 

(K) 
CIE x CIE y 

Temperature 

(K) 
CIE x CIE y 

Temperature 

(K) 
CIE x CIE y 

180 0.55457 0.43658 95 0.65118 0.34734 50 0.67846 0.32089 

170 0.58936 0.40509 90 0.65281 0.34589 45 0.68024 0.31908 

160 0.60211 0.3931 85 0.6539 0.34483 40 0.68155 0.31772 

150 0.61691 0.37965 80 0.65831 0.34032 35 0.68286 0.3165 

140 0.61814 0.37828 75 0.66308 0.33584 30 0.6828 0.31655 

130 0.62997 0.36771 70 0.66492 0.3339 25 0.6798 0.31928 

120 0.63516 0.3628 65 0.66827 0.33069 20 0.67583 0.32288 

110 0.64567 0.35298 60 0.66854 0.33016 15 0.67373 0.32436 

100 0.65348 0.34532 55 0.67178 0.32696 10 0.67151 0.32706 

Source: Elaborated by the author. 

The investigation of DMAPbI3 at low- has provided valuable insights into the 

thermo-chromatic and luminescent properties of low-dimensional hybrid halide perovskites. 

The structural phase transition of the sample, which presents an order-disorder mechanism, 

permits the appearance of novel self-trapped exciton (STEs) contributions in the 

photoluminescence spectra at Tt. These novel contributions modify the intensity of the emitted 

light and result in different chromaticity coordinates. The observed changes in color and 

brightness are attributed to the relaxation of the crystal structure, which enables the appearance 

of previously inaccessible states. The significant dependency on STEs has been discussed, and 

the values displayed in Table 5 confirm the electron-phonon coupling to be the dominant 

contribution to the photoluminescence temperature dependence. This study deepens our 

understanding of the electron-phonon coupling strength in DMAPbI3, an important factor in 

designing optoelectronic devices. The observed electron-phonon coupling at low temperatures 

is consistent with other hybrid perovskites, and the color transition in DMAPbI3 highlights the 

tunability of its optical properties. The ability to tune the color emission in DMAPbI3 at low 

temperatures is due to changes in energy level structure and crystal structure relaxation, which 

could be used to develop efficient red-light emitting devices and smart windows. The promising 

feature of this color transition from red-orange to intense bright red at low temperatures is 

presented in Figure 30. 
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5 THE CsCuCl3 LIKE-PEROVSKITE COMPOUND UNDER EXTREME 

CONDITIONS 

The CsCuX3 family is a group of total inorganic-metal halide perovskite-like compounds with 

a general chemical formula of AByXz, where A = Rb, or Cs; B = Mn, Fe, Co, Ni, or Cu; and X 

= Cl, Br, or I. These materials have attracted significant attention due to their potential 

applications in optoelectronics, catalysis, and energy storage (Cao e Li, 2021; Lu et al., 2021; 

Roccanova et al., 2019; Zhang et al., 2022). CsCuX3 compounds possess optical and electronic 

properties similar to their Pb-based counterparts but offer advantages such as greater stability 

and reduced toxicity compared to lead halides. Therefore, there has been interest in partially or 

completely substituting Cu+ as a potential replacement (Bechir e Dhaou, 2021; Wu et al., 2021; 

Zheng et al., 2020). This chapter investigates the CsCuCl3 perovskite-like compound at low 

temperatures and high pressure to provide a structural-property analysis for its potential 

applications. 

5.1 Introduction 

Typically, halide perovskites with the general formula ABX3 and a transition metal ion 

B crystallize in derivatives of the hexagonal perovskite structure, which can give rise to the 

Ruddlesden-Popper and Dion Jacobsen series of materials, as well as quasi-1D and full 1D 

(one-dimensional) like-perovskite compounds (Fop et al., 2019; Nguyen e Cava, 2021). From 

a symmetry perspective, the intrinsic 3- or 6-fold rotational symmetries frustrate the ordering 

of magnetic moments or orbital occupancies of the framework ions into a single lowest-energy 

state at low temperatures, making them promising candidates for the quantum spin-liquid state 

(Balents, 2010).  

Among the CsCuX3 family, the CsCuCl3 is a like-perovskite material with Cu2+ (S = 

1/2) spins with antiferromagnetic order below TN = 10.7 K (Collocott e Rayne, 1987; Miyake 

et al., 2015; Ueda et al., 2022). The antiferromagnetic (AFM) effect in the sample is produced 

by the exchange interaction within the intrachain and the antisymmetric exchange 

(Dzyaloshinskii-Moriya) interaction, allowed by the twist of 120° in the AFM phases along the 

[001] direction (Plakhty et al., 2009). At room temperature, the compound possesses a polytype 

distorted hexagonal perovskite structure belonging to chiral space groups P6522 or P6122, 

which undergoes a structural phase transition at high temperatures (423 K) induced by the Jahn-

Teller effect to the space group P63/mmc (Kroese e Maaskant, 1974a). The crystal structure of 

the hexagonal phase P6522 (usually named left-handed for their spin rotation direction) consists 
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of two face-shared distorted [CuCl6]
4- octahedra forming a [Cu2Cl9]

5- dimer unit, which displays 

a 1D chain of dimers along the c-axis, with the Cs+ ion occupying the void space between the 

chains (Plakhty et al., 2009) (see Figure 31). From an optoelectronic perspective, CsCuCl3 

exhibits a direct semiconductor profile with a 1.92 eV band gap value and absorption in the 

near-infrared region but does not display a photoluminescence signal (Cui et al., 2020). 

Figure 31 – (a) Crystal structure of CsCuCl3 (P6522) with dimer chains along the c-axis, and 

(b) the left-handed helical with the principal chiral arrangement of Cu2+ along the [001] 

axis. (The blue and red helices are guides for eyes). 

 

Source: Elaborated by the author. 

Frustrated quantum many-body systems, such as CsCuCl3, provide promising 

examples for investigating the effects of high pressure on competing interactions at low-energy 

states. The manipulation of external pressure on frustrated quantum materials can provide a 

means to actively modulate the amount of quantum correlations across the classical and 

quantum-mechanical regimes, enabling the exploration of exotic phenomena emerging in the 

crossover between these two regimes (Nihongi et al., 2022). The magnetic diagram of CsCuCl3 

at low temperatures, as a function of the longitudinal magnetic field (H || c), exhibits a quantum-

phase transition (H =12.5 T) from an umbrella phase to a 2-1 coplanar phase as the magnetic 

field increases. Similarly, under pressure effects, the incommensurate (IC) wavenumber 

increases with the magnetic field and pressure, which enhances the neighboring spins in the 
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sample and modifies the magnetic diagram by the enhanced Dzyaloshinskii-Moriya interaction 

(Hosoi, Matsuura e Ogata, 2018; Sera et al., 2017). Consequently, pressure-induced new 

quantum phases are observed, which can be distinguished by the ICN notation (with N from 1 

to 5 for each phase), advancing the scientific concept of controlling quantum mechanical 

correlations in weakly-coupled spin chain materials through the application of external pressure 

in CsCuCl3 (Yamamoto et al., 2021).  

Although different authors have studied CsCuCl3, the compound offers potential 

applications in data storage and memory, particularly in controlling the ICN quantum phases, 

which could aid in understanding these exotic states under external conditions. Raman 

spectroscopy at low temperatures and high pressure provides insights into the structural changes 

occurring in CsCuCl3, making it a valuable technique for studying this material. 

5.2 Raman spectroscopy at low-temperatures in CsCuCl3 – Spin-phonon coupling  

The coupling between spin, charge, lattice, and orbital is fundamental in condensed 

matter physics, giving rise to emergent phenomena and applications, such as multiferroics and 

spintronics (Liu, Y. et al., 2021). Recently, there has been growing interest in spin-phonon 

coupling (SPC) in materials, which simultaneously controls magnetic and phononic properties 

(Qin et al., 2020; Zhang et al., 2019). Magnetic states can be stabilized by modifying epitaxial 

strains or by displacing magnetic ions in the sample through external conditions such as high 

magnetic fields, high pressure, or low temperatures. The Hamiltonian describing spin-related 

phenomena in solids can be written as a sum of isotropic exchange (IE), the Dzyaloshinskii-

Moriya (DM), the anisotropic exchange (AE), and the single-ion anisotropy (SIA) interactions 

(Pesin e Balents, 2010; Sohn et al., 2017), given by: 

𝐻𝑠𝑝𝑖𝑛 = ∑[𝐽𝐼𝐸(𝑺𝑖 ⋅ 𝑺𝑗) + 𝑫𝑖𝑗 ⋅ (𝑺𝑖 × 𝑺𝑗) + 𝑺𝑖 ⋅ 𝚪𝑖𝑗 ⋅ 𝑺𝑗]

𝑛𝑛

𝑖𝑗

+ 𝐴 ∑(𝐧𝑖 ⋅ 𝑺𝑖)
2

𝑖

         (12) 

where 𝐽𝐼𝐸, 𝑫𝑖𝑗, 𝚪𝑖𝑗, and 𝐴 are the coefficients IE, DM, AE, and SIA interactions, respectively, 

while 𝐧𝑖 is the vector direction axis, and 𝑺𝑖, 𝑺𝑗 are the neighboring spins in the 𝑖 and 𝑗 sites. 

Around the terms described in (12), the interactions of the spins are highly dependent on 

Coulomb interactions, but 𝐽𝐼𝐸, 𝑫𝑖𝑗, 𝚪𝑖𝑗, and 𝐴 are terms that dynamically modify by the lattice 

vibration, resulting in some cases in an SPC, which is observed as a renormalization of phonon 

frequencies (Son et al., 2019).  
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As was previously described, the CsCuCl3 exhibits an antiferromagnetic ordering at 

TN = 10.7 K produced by DM interaction, which is allowed by the twist of the [Cu2Cl9]
5- dimer 

unit along the [001] direction. This magnetic ordering can induce a SPC in CsCuCl3. To 

investigate such coupling, we performed temperature-dependent Raman spectroscopy at low 

temperatures. The crystal structure at room-temperature of CsCuCl3 (SG: P6522) was verified 

using Single Crystal X-Ray Diffraction (SCXRD), which was consistent with the hexagonal 

P6522 reported by Chen et al. (Cui et al., 2020) (ICSD: 120370). The group-theory analysis of 

the P6522 symmetry for CsCuCl3 yields 35 Raman-active phonon modes, represented by 

Γraman=6A115E214E1 for the point group D6 (see Table 7).  

Table 7 – Group factor analysis of the CsCuCl3 crystal structure at room pressure (space 

group P6522 (179))  

P6522 (179) 

Atoms Wyckoff notation Site symmetry Irreducible representation 

Cs01 6b C2
’ A12A22B11B23E13E2 

Cu01 6a C2 A12A2B12B23E13E2 

Cl01 12c C1 3A13A23B13B26E16E2 

Cl02 6b C2
’ A12A22B11B23E13E2 

 Total D6
 

6A19A28B17B215E115E2 

Modes Classifications  

   Γraman=6A115E214E1 

   ΓIR= 8A214E1 

   Γacoustic= A2E1 
   Γsilent=7B2 

Source: Elaborated by the author. 

Figure 32 shows the high-resolution Raman spectrum in the 100-320 cm-1 range for 

the CsCuCl3 powder sample at 9.2 K and 300 K did now present any structural phase transition. 

As the temperature decreases, the crystal lattice relaxes, leading to an increase in the intensity 

of the Raman peaks and the number of displayed phonons (from 8 at room-temperatures to 15 

at low-temperatures). The bands become sharper, better defined, and shifted, the Raman 

assignment was based on the stable lattice dynamics calculated around the Γ-point using 

Differential Functional Perturbation Theory (DFPT). The DFPT calculations relax the 

crystallographic cell size and shape by minimizing all quantum forces in the static lattice, which 

approximates the crystal structure to T = 0 K.  
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Figure 32 – High-resolution Raman spectra of CsCuCl3 at 300 K and 9.2 K. (The blue and red 

curves represent the Lorentzian oscillator phonons bands and the total modes convolution, 

respectively). 

 

Source: Elaborated by the author. 

Table 8 summarizes the experimental Raman frequencies (300 K and 9.2 K) and the 

DFPT-calculated phonons, which were compared with previous Raman or IR measurements of 

similar materials such as ABCl3 (A=Cs, Rb; B=Mn, Co) (G. Mattney Cole, Jr. Charles F. Putnik 

e Smith L. Holt, 1975; Kambli e Giidel, 1984; Petzelt et al., 1981), CsBBr3 (B=Co, Mg, Cd)(C. 

W. Tomblin, G. D. Jones e R. W. G. Syme, 1984), and Cs2XCl4 (X=Cu, Co) (Jara et al., 2019; 

Nataf et al., 2017), [(CH3)4N]2MnX4 (X=Cl, Br) (Rodríguez-Lazcano, Nataf e Rodríguez, 

2009). These vibrations were separated into Cl-Cu-Cl bendings and Cl-Cu-Cl stretchings. 

Figure 33 shows the calculated atomic Raman modes in CsCuCl3, which were described around 

the [Cu2Cl9]
5- dimer unit. 
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Table 8 – Experimental Raman (Exp.) at room-pressure (300K), low-temperature (9.2K) and 

Density Functional Perturbation Theory (DFPT) phonon frequencies in CsCuCl3 calculated 

using GGA pseudopotential. The corresponding lattice constant are a = b = 7.19 Å, c = 18.08 

Å. The modes were given for the wavevector along the Γ in the Brillouin zone. (C. W. Tomblin, 

G. D. Jones e R. W. G. Syme, 1984; Jara et al., 2019; Nataf et al., 2017; Petzelt et al., 1981) 

Mode 

Frequency 

Mode 

Sym (R) 

Exp. (300K) 

(cm-1) 

Exp. (9.2 K) 

(cm-1) 

DFTP 

(cm-1) 

Vibrational 

Assignment 

ω1 E1  109 105.8 δas (Cl-Cu-Cl) str. 

ω2 E2  115 116.1 δs (Cl-Cu-Cl) str. 

ω3 E2 115 121 122.3 τ (Cl-Cu-Cl) wk. 

ω4 E2 132 136 138.1 ω (Cl-Cu-Cl) str. 

ω5 E2  145 152.6 ρ (Cl-Cu-Cl) str. 

ω6 E1  155 156.8 γ (Cl-Cu-Cl) str. 

ω7 A 155 161 160.9 γ (Cl-Cu-Cl) str. 

ω8 E1  167 164.0 ω (Cl-Cu-Cl) str. 

ω9 E2 177 180 175.5 τ (Cl-Cu-Cl) str. 

ω10 E2  190 191.4 ν (Cu-Cl) wk. 

ω11 E1 191 196 210.3 νs (Cl-Cu-Cl) wk. 

ω12 A 242 245 245.9 νs (Cl-Cu-Cl) str. 

ω13 E1 265 267 266.4 ν (Cu-Cl) wk. 

ω14 A  276 267.4 νas (Cl-Cu-Cl) str. 

ω15 E2 286 292 273.7 νs (Cl-Cu-Cl) str. 

Abbreviations: δ: bending; τ: twisting/torsion; ω: wagging; ρ: rocking; γ: scissoring; ν: stretching; 

as: asymmetric; s: symmetric; str: strong; wk: weak. 

Source: Elaborated by the author. 

The temperature-dependent Raman spectra of CsCuCl3 in the low-temperature 

range of  9.2 to 300 K are presented in Figure 34. As anticipated, the material does not exhibit 

a structural phase transition (SPT) within the temperature range investigated. In the absence of 

an SPT, the behavior of the phonon mode (𝜔) and the Full Width at Half Maximum (FWHM) 

can be described by the Balkanski model equations (13) and (14), respectively (Balkanski, 

Wallis e Haro, 1983). These equations have been successfully applied to various materials and 

consider contributions from three- and four-phonon anharmonic processes. The equations are 

given by: 

ω(𝑇) = ω0 + 𝐶 [1 +
2

𝑒𝑥 − 1
] + 𝐷 [1 +

3

𝑒𝑦 − 1
+

3

(𝑒𝑦 − 1)2
]                   (13) 

 

Γ(𝑇) = 𝐴 [1 +
2

𝑒𝑥 − 1
] + 𝐵 [1 +

3

𝑒𝑦 − 1
+

3

(𝑒𝑦 − 1)2
]                      (14) 
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where 𝐴, 𝐵, 𝐶, and 𝐷 are constants reflecting the strength of the anharmonic contributions and 

the ω0 is the zero-temperature frequency of the corresponding vibrational mode without spin-

phonon interaction. To simplify the analysis, the dimensionless parameters 𝑥 = ℏ𝜔0 2𝑘𝐵𝑇⁄  and 

𝑦 = ℏ𝜔0 3𝑘𝐵𝑇⁄  were also used in these equations. The adjustment of the equations (13) and 

(14) in the experimental data (see Figure 35) allows for a detailed description of the 

paramagnetic phase (T > 15 K) of CsCuCl3, with the values of the anharmonic constants for 

each curve summarized in Table 9. However, it should be noted that the obtained values of the 

anharmonic constants should be regarded as estimates rather than precise values due to the 

assumptions and approximations used in the model.  

Figure 33 – Calculated atomic vibrations for Raman-actives modes in CsCuCl3. Note that the 

dimer unit [Cu2Cl9]
5- is described along the a, b and c directions.  

 

Source: Elaborated by the author. 
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Figure 34 – Temperature-dependence of the Raman spectra of CsCuCl3 in the ranges (a) 100-

145 cm-1, (b) 145-175 cm-1, (c) 175-225 cm-1, (d) 225-250 cm-1, (e) 250-280 cm-1, and (f) 280-

310    cm-1.   

 

Source: Elaborated by the author. 

The phonons depicted in Figure 36 exhibit anomalies in both the ω(𝑇) and Γ(𝑇) 

models around T* = 15 K.  There is an abrupt hardening of vibrations until the antiferromagnetic 

transition at TN = 10.7 K. Below 𝑇𝑁, there is a softening of the Raman modes. Notably, T* 

represents a new low-temperature correlation in the system, unrelated to any abnormal lattice 

distortion, electronic phase transition, or reported structural or magnetic phase transitions in the 

compound. This result suggests a spin-phonon coupling (SPC) in CsCuCl3, which is reflected 

in modifying both mode parameters (position and FWHM). The SPC noticeably affects the 

vibrational frequencies by renormalizing the phonon frequencies. Typically, these frequency 

changes are small, predominantly on the order of 1 cm-1 or even smaller. However, the changes 

are systematic, which gives robustness to the result.  
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Figure 35 – Temperature-dependence of phonon frequencies (left axes) and FWHM (right 

axes) for selected phonons in paramagnetic (described by equations (13) and (14): solid lines). 

 

Source: Elaborated by the author. 
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Figure 36 – Temperature-dependence of phonon frequencies (left axes) and FWHM (right 

axes) for selected phonons in paramagnetic (described by equations (13) and (14): solid lines) 

and antiferromagnetic phase, where the orange band described an anomalous hardening region 

(10.7 K < 𝑇∗< 15 K) for (a) ω3, (b) ω4, (c) ω7, (d) ω11, (e) ω12, (f) ω13, and (g) ω15 phonons. 

 

Source: Elaborated by the author. 

The contribution of the spin-phonon interaction can be described using the static 

spin-spin correlation average, given as Δ𝜔 = 𝜔 − 𝜔0  =  𝜆〈𝑺𝑖 ⋅ 𝑺𝑗〉, where 𝜆 is the coupling 

constant, and 〈𝑺𝑖 ⋅ 𝑺𝑗〉 denotes the statistical average for the neighboring spins in the 𝑖 and 𝑗 

sites (Aytan et al., 2017; Du et al., 2019; Silva et al., 2013). Thus, at T  > T*  (paramagnetic 

phase) the 〈𝑺𝑖 ⋅ 𝑺𝑗〉 the term is null, since there is no spin ordering. However, at 𝑇𝑁  <  𝑇 <
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 𝑇∗, it is already observed a renormalization on the mode frequency before 𝑇𝑁.  This is solid 

evidence that an unconventional magnetic correlation (frustration, quantum phase, for example) 

is occurring in CsCuCl3 before the antiferromagnetic ordering. This kind of behavior was 

already reported in antiferromagnetic RMn2O5 (R=Bi, Eu, Dy) compounds (García-Flores et 

al., 2006, 2007). 

The magnetic order may couple to the phonon frequencies through modulation of 

the DM interaction parameter. However, for TN < T, the contribution of the softening is driven 

by the AFM effect. Therefore, it is convenient to estimate the magnetic contribution to the 

renormalization of the phonon frequency as a function of Δ𝜔. The easiest way to do this is by 

estimating the Δω dependence with the mean-field approach ((〈𝑆𝑧〉) 𝑆⁄ )2) described by the 

molecular-field approximations mechanism as (𝑀(𝑇)/𝑀0)2, where 𝑀(𝑇) is the temperature 

dependence of magnetization, and 𝑀0 is the magnetization at zero-temperature (Araújo et al., 

2020; Prosnikov et al., 2018).  To obtain the (𝑀(𝑇)/𝑀0)2 was using (Yamamoto et al., 2021) 

longitudinal susceptibility χ data at low temperatures obtained at H = 1T. Thus, based on the 

spin-phonon coupling mechanism proposed by (Granado et al., 1999), the phonon 

renormalization induced by the SPC could be reduced as:  

Δ𝜔 = 𝜔 − 𝜔0  =  𝜆〈𝑺𝑖 ⋅ 𝑺𝑗〉 ∝ (
𝑀(𝑇)

𝑀0
)

2

                                     (15) 

Figure 37 shows the Δ𝜔 as a function of (𝑀(𝑇)/𝑀0)2 for the selected phonons. By 

the proposed model given in equation (15), the presence of a linear correlation between the 

phonon renormalization process and modifications in the linear profile slope for each 

temperature range (T*  > 15 K; TN < T < T*; TN < T) confirms the existence of spin-phonon 

coupling. Notably, the observed phonon changes at T* strongly suggest the onset of SPC in 

CsCuCl3, which is unrelated to any lattice distortion, electronic phase transition, or reported 

structural or magnetic phase transitions in the material, as discussed before. The obtained slopes 

related to the SPC are summarized in Table 9. These results provide strong evidence supporting 

the proposed models for phonon energy renormalization correction. It is worth noting that the 

slope modifications observed in Figure 37 are consistent with related materials such as Cs2OCl2 

(Araújo et al., 2018). The observed anomalies in the phonon spectrum of CsCuCl3 at T* indicate 

the onset of SPC, which affects the vibrational frequencies. The linear correlation strongly 

supports the existence of SPC in CsCuCl3. 
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Table 9 – Three (A/C)- and four (B/D)-phonon anharmonic contributions to the frequencies and 

FWHMs of selected phonons. 

Mode 

Frequency 

𝜔0 

(cm-1) 
A B C D 

Δ𝜔𝑇∗  
(cm-1) 

Δ𝜔𝑇𝑁
  

(cm-1) 

ω3 120.8  0.2 2.80  0.01 -0.06  0.01 -0.07  0.02 -0.0013  0.0003 0.14 0.07 

ω4 135.8  0.1 2.30  0.02 0.30  0.01 -0.12  0.01 0.0002  0.0001 -0.09 -0.02 

ω7 160.5  0.1 2.70  0.02 0.20  0.01 -0.10  0.01  -0.0026  0.0003 0.49 0.44 

ω9 179.5  0.1 1.97  0.06 0.09  0.01 -0.04  0.01 -0.0069  0.0001 0.46 0.45 

ω11 196.1  0.1 3.11  0.08 -0.09  0.01 -0.08  0.02 -0.0011  0.0003 0.15 0.13 

ω12 244.6  0.1 6.02  0.03 -0.14  0.02 0.07  0.01 -0.0047  0.0002 0.30 0.27 

ω13 267.1  0.1 5.90  0.02 -0.18  0.06 -0.07  0.02 -0.0051  0.0008 0.07 0.03 

ω15 291.6  0.1 3.94  0.01 0.18  0.01 -0.04  0.02 -0.0057  0.0005 0.20 0.19 

 
Source: Elaborated by the author. 

In this context, low-temperature Raman spectroscopy was performed on CsCuCl3 to 

investigate the spin-phonon coupling. The results revealed a renormalization process in the 

frequency and FWHM parameters for selected phonons related to the Cl-Cu-Cl bendings and 

stretchings. The spin-phonon coupling generated an anticipated contribution to the phonon 

frequencies, which was observed at T*=15 K due to the significant magnetic frustration in the 

sample. A hardening of the phonon temperature dependence was observed around the expected 

renormalization temperature value TN = 10.7 K, with another modification observed due to the 

involvement of the AFM effect. Based on the description of Δ𝜔 as a function of (𝑀(𝑇)/𝑀0)2, 

it is possible to confirm the modification around the spin-phonon coupling renormalization 

process at T*. This consideration supports and suggest a significant magnetic frustration in the 

sample between the paramagnetic and AFM phases. 

  



 

80 

Figure 37 – Temperature-dependence from the anharmonic behavior of selected phonon as a 

function of (M(T)/M0)2 for a) ω3, (b) ω4, (c) ω7, (d) ω11, (e) ω12, (f) ω13, and (g) ω15 phonons. 

(The purple, blue and red are linear guides for the eyes separated for each region). 

 

Source: Elaborated by the author. 
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5.3 Pressure-Induced structural phase transition on CsCuCl3  

As was previously described, the CsCuCl3 exhibits under pressure-induced quantum 

phases, which enhances the neighboring spins in the sample and modifies the magnetic diagram 

by the enhanced Dzyaloshinskii-Moriya interaction (Hosoi, Matsuura e Ogata, 2018; Sera et 

al., 2017). Although different authors have studied CsCuCl3, the compound offers the 

possibilities of studies with high-pressure with Synchrotron powder X-Ray diffraction 

(SPXRD) and Raman spectroscopy. Interestingly, based on the results, the compound 

undergoes a first-order structural phase transition (SPT) at a critical pressure Pc = 3.69 GPa 

from the LP-Phase: P6522 to the HP-Phase: C2. In the pressure range of 2.79-3.57 GPa has 

observed a coexisted phase between both LP- and HP-phases. The direct relation in the crystal 

axis enables natural slow crystal modification without significant dynamic instability. The 

investigation revealed that the SPT involves the reorganization of the internal [CuCl6]
4- 

octahedra, with Cl-Cu-Cl bending contributing more than Cl-Cu-Cl stretchings. 

Figure 38 shows the pressure-dependence SPXRD pattern of CsCuCl3. At room 

conditions, the crystal structure is consistent with the hexagonal P6522, as reported by (Cui et 

al., 2020) (ICSD: 120370). The diffraction patterns are well described by the same P6522 up to 

2.38 GPa. However, above the critical pressure Pc = 3.69 GPa, the diffractograms exhibit abrupt 

changes, indicating the presence of new angle reflections. Which can be attributed to a pressure-

induced structural phase transition (SPT) in the sample. At around Pex = 2.91 GPa, both the 

Low-Pressure Phase (LP-phase) and High-Pressure Phase (HP-Phase) coexist. Notably, the 

emergence of new diffraction peaks, such as the splitting of the 6.6° band and the appearance 

of the distribution of the peak around 10° (Figure 38 (b)-(c)), are observed. The rise in 

displayed peaks indicates a decreased structural symmetry related to the HP-phase. No 

remarkable changes in the diffraction patterns were detected from Pc up to 9 GPa, indicating 

that the CsCuCl3 does not undergo any other phase transformation within the maximum 

pressure range explored in this work. 

All patterns of the LP-phase were refined within the Rietveld method using the 

EXPO2014 (Altomare et al., 2013) software with the hexagonal P6522 measurement obtained 

in our single-crystal X-ray diffraction technique. To investigate the crystal structure of the HP-

phase, primarily was compared used the orthorhombic CsCuBr3 (C2221)  structure reported in 

(Li e Stucky, 1973) (ICSD: 10184) as a possible solution. However, the reflection index of the 

simulated DRX patterns did not match the experimental data. Notably, our results differ from 
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the high-temperature SPT (C. J. Kroese, W. J. A. Maaskant e G.C. Verschoor, 1974; Kroese e 

Maaskant, 1974b; Wim J. A. Masskant, 1995), which involves a hexagonal to hexagonal P6122 

or P6522 → P63/mmc at 423 K, and the high-pressure hexagonal sub-cell (P63/mmc) 

encountered at 3.04 GPa by (Andrew G. Christy et al., 1994) (ISCD:32503). A comparison of 

all diffractograms is provided in Figure 39.  

Figure 38 – Variation of the SPXRD pattern of the CsCuCl3 under pressure.   

 

Source: Elaborated by the author 
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Figure 39 – Simulated patterns of the CsCuCl3 (P6522 - ICSD: 120370), CsCuCl3 (P63/mmc - 

ISCD:32503), CsCuBr3 (C2221 - ICSD: 10184) and the CsCuCl3 synchrotron powder X-ray 

diffraction pattern obtained at 3.63 GPa. 

 

Source: Elaborated by the author. 

Figure 40 – (a) Group-subgroup phases diagram from P6522 to C2, and (b) the comparison 

between the HP-phase experimental data diffractograms and the monoclinic space group 

possibilities. 

 

Source: Elaborated by the author. 



 

84 

The methodology for determining the high-pressure crystal structure involves a 

multi-step approach. Firstly, the phase was indexed by DICVOL06 (Boultif e Louër, 2004) to 

determine the lattice system. Secondly, a group-subgroup diagram was used to explore the 

crystal modification possibilities; subsequently, the symmetry of the structure was verified 

using the pseudosymmetry search tools provided and available at the Bilbao Crystallographic 

Server (La Flor, de et al., 2016), and the PLATON software (Spek, 2003). Finally, the 

diffraction patterns obtained from the simulated crystallography models from the HP-phase 

were compared to the experimental data. The group-subgroup diagram from P6522 to C2, and 

the diffraction patterns related to the simulated crystallographic modeling of the HP-phase are 

presented in Figure 40.  

Figure 41 – The P6522 crystal structure refinement by the Rietveld method at 0.95 GPa, and the 

C2 phase refinement by Le-Bail at 3.68 GPa. 

 

Source: Elaborated by the author. 

The HP-Phase was refined by the Rietveld method using the EXPO2014 software. 

The crystallographic model used was the monoclinic crystal structure with C2 as a space group, 

which was found to have the simulated diffraction pattern with a more exact peak position than 

the experimental diffractogram. A correlation between phases was observed in the graphical 
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representation between the space groups P6522→C2 generated using the group-subgroup 

program (Ivantchev et al., 2002), but a direct transformation was not described in the diagram. 

The low diffraction intensity due to the sample texture and preferential orientation does not 

permit a high-quality resolution. Nevertheless, our methodology allowed the determination of 

the crystal structure cell, the symmetry from SPXRD patterns, and the Crystal Information File 

(CIF) with the atomic position. The crystal structure refinement of both phases is described in 

Figure 41.  

Figure 42 – The CsCuCl3 crystal structure: (a) LP-phase (P6522), and (b) HP-phase (C2). (c) 

The hexagonal (dashed black lines), orthorhombic base reduction (red lines) and monoclinic 

(C2 - dashed green lines), and (d) the crystal phases transformation basic-sets. 

 

Source: Elaborated by the author. 
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Figure 43 – (a)-(e) The lattice parameters as a function of pressure. (f) Third-order Birch-

Murnanghan fit for each pressure phase. The orange dashboard represents the coexists phases 

of both crystal structures. 

 

Source: Elaborated by the author. 

At room-pressure, the CsCuCl3 adopts the P6522 (a = b = 7.2168 (10) Å, c = 18.1853 

(5) Å) with a 3-fold rotational symmetry along the principal c-axis. The cooper (located at the 

center) and chlorine (vertices of the octahedron) atoms form a distorted octahedron coordination 

geometry [CuCl6]
4-. Each octahedron shares a common edge, forming a linear chain of 

octahedra that runs through the crystal structure along the principal axis. Cs+ ions occupy the 

interstitial sites between the displayed chains. Under high-pressure, the crystal structure 

undergoes the structural phase transition to the C2 (a = 6.8875 (12) Å, b = 6.7918 (2) Å, c = 
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5.8539 (10) Å, β = 93.76 (4) °) system due to the compression of the crystal lattice. The HP-

phase presents a lower degree of symmetry, but the octahedra chain continues to be displayed 

around the c-axis. To facilitate the discussion of the relationship between both phases, a 

transformation was made on the crystal cell parameters: 𝑎ℎ  =  𝑎𝑚; √3𝑏ℎ  =  𝑏𝑚; 𝑐ℎ =  3𝑐𝑚. 

(see Figure 42). Figure 43 (a)-(e) shows the pressure dependence of the reduced unit-cell 

parameters; a shift over all lattice parameters was observed, indicating the crystal modification.  

Although the pressure-induced structural phase transition in the material can be 

determined through the previous analysis of the diffractograms and lattice parameters, the 

resulting relative shift can generate uniaxial stress as a function of the compound elastic 

anisotropy, which can be predicted by the Equation of State (EOS) (Birch, 1947; Goodwin, 

Keen e Tucker, 2008; Sata et al., 2002). The third-order Birch-Murnaghan EOS was used to fit 

the pressure-dependent of the unit cell volume (see Figure 43(f)). The equation was expressed 

in terms of the volume at zero pressure (𝑉0), the bulk modulus 𝐵0 = (−𝑉𝜕𝑃 𝜕𝑉⁄ )𝑇, and the 

dimensionless pressure derivative 𝐵′ = (𝜕𝐵 𝜕𝑃⁄ )𝑇 (dimensionless), which describes how 𝐵0 

change with pressure (Katsura e Tange, 2019): 

𝑃 =
3

2
𝐵0 [(

𝑉0

𝑉
)

7
3

− (
𝑉0

𝑉
)

5
3

] [1 +
3

4
(𝐵′ − 4) {(

𝑉0

𝑉
)

2
3

− 1}]                    (16) 

Table 10 displays the parameters obtained from fitting the pressure-dependent 

changes in the unit cell volume using the third-order Birch-Murnaghan EOS. The SPT 

P6522→C2 was accompanied by increased unit-cell volume (𝑉0 𝑉⁄ ), which is consistent and 

expected for high-pressure phases with higher bulk moduli due to their denser and less 

compressible crystal structure (Svitlyk et al., 2014).  The 𝐵0 values typically range from 10 to 

70 GPa for hybrids/inorganic materials based on metal halide perovskites (Agbaoye, Adebambo 

e Adebayo, 2019; Chaves et al., 2014; Tu et al., 2021). The low bulk modulus of metal halide 

perovskites is thought to contribute to their unique properties, such as self-healing, ion 

migration, and low thermal conductivity, which suggest applications in the flexible electronics 

industry for their ductility (Rakita et al., 2015; Sun et al., 2015). The value of 𝐵′ indicates a 

slow stiffening of the material, which can be attributed to the first-order structural phase 

transition, where both LP- and HP- phases can be related to a unique basic-set. The presence of 

dynamic instability in the sample was not observed, and the positive value of 𝐵′ compensated 

for any instability. 
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Table 10 – Experimental coefficients of the Murnaghan equation of state for CsCuCl3 in each 

structural phase.  

Symmetry Prange (GPa) 𝑉0 (Å3) 𝐵0 (GPa) 𝐵′ 

P6522 0.1  − 2.38 319.42  0.02 17  3 4.39  0.04  

C2 3.69  − 8.47 304.62  0.06 27  9 4.26  0.07 

 

Source: Elaborated by the author. 

Table 11 – Group factor analysis of the CsCuCl3 crystal structure at room pressure (space group 

P6522 (179))  

HP-Phase – C2 (5) 

Atoms Wyckoff notation Site symmetry Irreducible representation 

Cs01 2a C2 A2B 

Cs02 2b C2 A2B 

Cu01 4c C1 3A3B 

Cl01 4c C1 3A3B 

Cl02 2a C2 A2B 

Cl03 2b C2 A2B 

Cl04 4c C1 3A3B 

 Total C2
3 

13A17B 

Modes Classifications   

   Γraman=12A15B 

   ΓIR= 12A15B 

   Γacoustic= A2B 

   Γsilent= - 

    

Source: Elaborated by the author. 

Since the Raman spectra are very sensible to the crystalline structure, Raman 

spectroscopy has been performed in CsCuCl3, increasing hydrostatic pressure at room 

temperature to confirm the SPT. The group theory analysis (Kroumova et al., 2003; Rousseau, 

Bauman e Porto, 1981) for both crystal phases are presented in Table 7 and Table 11, which 

predicts that the CsCuCl3 material exhibits 60 vibration modes in the LP-phase, and 30 vibration 

modes in the HP-phase. The Raman-active mode distributions are represented as 

Γraman=6A115E214E1 for the point group D6 (P6522) in the LP-phase, and 27 Raman 

phonons with 12A15B distribution for the point group C2
3 (C2) in the HP-phase.  
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Figure 44 – (a) Raman spectra pressure-induced of the CsCuCl3 powder. (b) Frequency center 

as a function of hydrostatic pressure. The orange dashboard represents the coexisting LP- and 

HP- phases region. 

 

Source: Elaborated by the author 

The Raman spectra pressure dependence is shown in Figure 44(a), in which all 

vibrational modes are characterized by a significant redshift. From room-pressure up to 2.51 

GPa, the pressure-induced Raman spectrum maintains the same peaks profile as the LP-phase. 

Hence, a reorganization process involving the [CuCl6]
4- octahedra was observed in a 2.79-3.57 

GPa range, where both LP- and HP- phases coexist, leading to the slow crystal modification 

base, which compensates for the not dynamic instability in the sample. Consistent with SPXRD, 

a sudden change in the Raman spectra pressure-dependence modification is observed at 4.01 

GPa, where new peaks are displayed in the HP-phase. In general, the mode frequency in the 

sample increases linearly with pressure for all peaks and suffers dislocations at the limit point 
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of the coexistence phase and 4.01 GPa, which can be attributed to the hardening and broadening 

of the displayed vibrational bands, as shown in Figure 44(b).  

Table 12 – Experimental Raman modes for CsCuCl3 in each structural phase and their 

corresponding Grüneisen parameters. The material's bulk modulus was 𝐵0 = 17 GPa and 𝐵0 = 

27 GPa for each phase, obtained from the fit of the SPXRD pattern by the third-order Birch-

Murnaghan equation.  

LP-Phase Coexistence Phase HP-Phase 

𝜔𝑖  

(cm-1) 

(𝜕𝜔𝑖 𝜕𝑃⁄ )𝑇 

(cm-1/GPa) 

𝛾𝑖𝑇 𝜔𝑖 

(cm-

1) 

(𝜕𝜔𝑖 𝜕𝑃⁄ )𝑇 

(cm-1/GPa) 

𝛾𝑖𝑇 𝜔𝑖 

(cm-

1) 

(𝜕𝜔𝑖 𝜕𝑃⁄ )𝑇 

(cm-1/GPa) 

𝛾𝑖𝑇 

− − − 109 6.2  0.6 − 126 2.8  0.2 0.600 

114 3.4  0.3 0.507 118 7.0  0.2 − 130 4.6  0.2 0.955 

131 6.3  0.2 0.818 157 4.5  0.8 − − − − 

156 7.6  0.2 0.828 160 6.5  0.4 − − − − 

178 5.0  0.2 0.478 176 5.5  0.3 − 182 4.4  0.1 0.653 

192 3.8  0.2 0.336 193 3.6  0.1 − 191 4.2  0.1 0.594 

241 3.7  0.3 0.261 231 7.8  0.9 − 248 3.4  0.1 0.370 

265 4.4  0.2 0.282 261 5.3  0.4 − − − − 

− − − 288 1.1 0.5 − 275 4.8  0.1 0.471 

287 4.5  0.3 0.267 289 3.9  0.3 − − − − 

Source: Elaborated by the author. 

Note that pressure dependence of the phonons progressively becomes less resolved, 

probably due to stress-induced along the structural phase transition, or could be a consequence 

of the increase in the sample bulk modulus. Furthermore, the Cl-Cu-Cl bendings under pressure 

contribute more to the reorganization around the structural phase transition for the number of 

displayed bands. However, the most intense band in the Raman spectra, the Cu-Cl stretching, 

is associated with the stronger distortion of [CuCl6]
4- for the significant redshift. The Grüneisen 

parameters (𝛾𝑖𝑇 = (𝐵0 𝜔𝑖⁄ )(𝜕𝜔𝑖 𝜕𝑃⁄ )𝑇)  of each mode are presented Table 12, reflecting this 

behavior. At the coexistence phase, the original LP-phase displayed Raman bands increased 

from 8 to 10. As was observed, the Cl-Cu-Cl bending peaks have higher values of 𝛾𝑖𝑇 than the 

Cu-Cl stretching, contributing to the modification in [CuCl6]
4-. Comparing the phonon 

frequencies, the Cu-Cl stretching exhibits more significant shifts, which is consistent with 

previous observations. This result establishes the structural correlations between bulk modulus 

and the corresponding local Grüneisen parameter.  
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Figure 45 – The decompression pressure cycle of the CsCuCl3, until 2.55 GPa the sample did 

not return to the original or even to the coexisting phases, displaying a Pc hysteresis value but 

the release shown the reversible cycle. 

 

Source: Elaborated by the author. 

Until 9 GPa, the CsCuCl3 material does not suffer amorphization under pressure. In 

fact, the steady decrease of the hydrostatic pressure until the full release of pressure is shown 

in Figure 45. The decompression cycle modified the Pc value, indicating a small degree of 

residual strain in the compound. The reversible first-order phase transition was observed until 

the total pressure release; the coexisting region could be responsible for the slow liberation of 

pressure and the readjustment to the original crystal structure. However, the recovery of the 

low-pressure phase suggests that this system is well preserved. 



 

92 

Ultimately, the structural phase transition (SPT) of CsCuCl3 under pressure was 

studied using synchrotron powder X-ray diffraction and Raman spectroscopy. Our results 

suggest that the compound undergoes a first-order SPT at a critical pressure Pc = 3.69 GPa from 

the LP-Phase: P6522 to the HP-Phase: C2. In the pressure range of 2.79-3.57 GPa has observed 

a coexisted phase between both LP- and HP-phases. Interestingly, the direct relation in the 

crystal axis enables natural slow crystal modification without significant dynamic instability, 

suggesting that CsCuCl3 has a certain level of flexibility. The bulk modulus calculations of the 

sample for each phase obtained 𝐵0
𝐿𝑃 = 17 ±  3, and 𝐵0

𝐻𝑃 = 27 ±  9 indicates that CsCuCl3 

may have potential applications in the flexible electronics industry due to its structural 

"softness." The investigation revealed that the SPT involves the reorganization of the internal 

[CuCl6]
4- octahedra, with Cl-Cu-Cl bending contributing more than Cl-Cu-Cl stretchings. It was 

found that the displayed band ω2 is associated with a stronger distortion, as evidenced by the 

significant shift presence and the highest 𝛾𝑖𝑇 value. Furthermore, our study demonstrated that 

the SPT is reversible, but residual strain pressure influences the modification of the Pc value 

upon pressure decrease. These studies funding provided additional information about 

modifying the [CuCl6]
4- under pressure and enhanced our understanding of the lattice distortion 

at external pressure. This may contribute to developing new applications for CsCuCl3 in flexible 

electronics. 
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6 CONCLUSIONS 

Metal halide-like-perovskites exhibit promising properties in various fields, such as 

multiferroics and optoelectronics, making them attractive candidates for investigation and 

development. Investigating these materials under extreme conditions, such as hydrostatic 

pressure or low temperatures, can provide valuable insights into their fundamental structural-

property relationship and help to develop new applications. In this work has been investigated 

Cs2FeCl5.H2O, DMAPbBr3, DMAPbI3 and CsCuCl3 perovskite-like compounds under extreme 

conditions, and the main conclusions were: 

i) Cs2FeCl5.H2O exhibits a SPT from the orthorhombic Cmcm to the monoclinic 

C2/c at low temperatures (T = 156K). Such SPT in the compound is well-suggested as a full 

ferroelastic phase of weakly first-order (or nearly second-order) nature, where the displacive 

mechanism drives a slight tilt of about φ = 1° around the low-temperature c-axis. An inclination 

of a water molecule by θ = 71°, the Cs···H interactions to be highly responsive to the movement 

between Cs+ ion and [FeCl5.H2O]2-, which are oriented to each other. However, H ···H 

interactions increase the contribution of the electronic bonds after the SPT (by approximately 

2%), which is attributed to the hardening of these ligands, compensating for the weakening 

H···Cl contact. The structural change can be described as the ferroelastic species mmmF2/m. A 

steady low-temperature cell parameter dependence described by strain matrix theory explains 

the structural order in the sample, where the strain-adapted symmetry component 𝑒5 exhibits 

second-order behavior consistent with Landau theory, and the elastic constant of the compound 

doubles at low temperatures. Hard-modes described by Raman spectroscopy validate the 

ferroelastic nature of the phase transition. These results provide valuable insights into the novel 

complex multiferroic behavior in Cs2FeCl5.H2O and propose potential applications for this 

material in multifunctional devices that harness the coupling between their different ferroic 

orders. 

ii) The SPT undergone by DMAPbBr3 was characterized using synchrotron powder 

X-ray diffraction and Raman spectroscopy. The compound undergoes a first-order structural 

phase transition through an order-disorder mechanism at 250 K, related to the unique structural 

arrangement of the 4H-hexagonal type perovskite. Interestingly, the compound exhibits 

positive thermal expansion parallel to the ab plane and negative thermal expansion in the c-

axis, which is attributed to the coupling between anisotropic lattice distortion and the 

reorientation of the DMA cations. Raman spectroscopy measurements reveal a weakening of 

the intermolecular interactions (H-bond) upon heating, indicating a correlation with the DMA+ 
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cation dynamics in the high-temperature phase related to the frameworks. The combined use of 

synchrotron powder X-ray diffraction and Raman spectroscopy provides a comprehensive 

understanding of the structural and lattice dynamics of DMAPbBr3 and sheds light on the 

importance of the cation-framework interaction in organic-inorganic hybrid perovskites.  

iii) The investigation at low temperatures has provided valuable insights into the 

thermo-chromatic and luminescent properties of like-perovskite DMAPbI3. The observed SPT, 

which exhibits an order-disorder mechanism, leads to the emergence of novel self-trapped 

exciton (STEs) contributions in the photoluminescence spectra at Tc. These STEs modify the 

intensity of the emitted light, resulting in different chromaticity coordinates. The observed 

changes in color and brightness are attributed to the relaxation of the crystal structure, which 

enables the appearance of previously inaccessible states. The significant contribution of STEs 

and their dependence on electron-phonon coupling has been discussed, revealing the dominant 

contribution of this interaction to the PL temperature dependence. This study deepens our 

understanding of the electron-phonon coupling strength. Overall, this work provides important 

insights into the tunable optical properties of low-dimensional hybrid halide perovskites, which 

could have significant applications in developing advanced optoelectronic devices. 

iv) The low-temperature Raman spectroscopy in CsCuCl3 describes a spin-phonon 

coupling in the sample by indicating a renormalization process in the frequency and FWHM 

parameters for selected phonons associated with Cl-Cu-Cl bendings and stretchings. This spin-

phonon coupling generates an anticipated contribution to the phonon frequencies, which was 

observed at T* = 15 K due to the significant magnetic frustration in the sample. A hardening of 

the phonon temperature dependence was observed around the expected renormalization 

temperature value TN = 10.7 K related to the AFM effect in the sample. The magnetic frustration 

is supported based on the description of Δ𝜔 as a function of (𝑀(𝑇)/𝑀0)2. This consideration 

suggests the modification around the spin-phonon coupling renormalization process at T*.  

v) On the other hand, an SPT of CsCuCl3 was studied at high-pressure using 

synchrotron powder X-ray diffraction and Raman spectroscopy. These results suggest that the 

compound undergoes a first-order SPT at a critical pressure Pc = 3.69 GPa from the LP-Phase: 

P6522 to the HP-Phase: C2. Interestingly, a coexisted phase between LP- and HP-phases was 

observed in the pressure range of 2.79-3.57 GPa. The direct relation in the crystal axis enables 

natural slow crystal modification without significant dynamic instability, suggesting that 

CsCuCl3 has a certain level of flexibility. Our bulk modulus calculations for each phase 

obtained 𝐵0
𝐿𝑃 = 17 ±  3, and 𝐵0

𝐻𝑃 = 27 ±  9. Furthermore, SPT involves the reorganization 

of the internal [CuCl6]
4- octahedra, with Cl-Cu-Cl bending contributing more than Cl-Cu-Cl 
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stretchings, enhancing the understanding of the lattice distortion at external pressure, 

contributing to the development of new applications for CsCuCl3 in flexible electronics. 

In conclusion, studying structural phase transitions and related physical phenomena 

in halide perovskites under extreme conditions is of great importance for understanding their 

fundamental properties and exploring their potential applications in various fields. 

Investigations into the behavior of these materials under high pressure or low temperature have 

revealed significant modifications in their structural, electronic, and optical properties. The 

changes in lattice parameters, phonon frequencies, and electron-phonon coupling strengths 

observed during the phase transitions can be utilized to design new functional materials for 

applications in optoelectronics, flexible electronics, and smart windows. Furthermore, the 

reversibility of the phase transitions and the effect of residual strain pressure on the critical 

pressure values provide valuable insights into the behavior of halide perovskites under external 

stimuli. Overall, halide perovskites under extreme conditions offer an opportunity to deepen 

our understanding of the fundamental physics of these materials and their potential for various 

technological applications. 
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