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Insights from inelastic neutron scattering

Rasmus Lavén
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract

This thesis concerns investigations of the dynamical properties of two classes of
energy-relevant materials, namely metal halide and oxyhydride perovskites, using
neutron scattering techniques. These two classes of materials share the same aspect
of a perovskite-type crystal structure but are different in terms of their functional
properties and concomitant promise for various technological applications.
Regarding the metal halide perovskites, these materials are of large interest for use
in, e.g., next-generation solar cells and light-emitting diodes. In this thesis, the
studies on these types of materials focused on elucidating the nature of organic cation
and lattice dynamics in the hybrid organic-inorganic systems FA;_MA;Pbl; (MA
= methylammonium and FA = formamidinium), BAsPbl, and PEA,Pbl, (BA =
butylammonium and PEA = phenethylammonium), and the all-inorganic perovskite
CsPbls, by using a wide variety of quasielastic and inelastic neutron scattering
techniques. For FA; MA,Pbls, a key result is that MA-doping of FAPbI3 leads to
significantly different cation dynamics, which is directly related to the stabilization
of the perovskite crystal structure. Overall, the results showcase the importance
of organic cation and lattice dynamics and the couplings between these types of
dynamics in this class of materials and highlight the importance of dynamics for an
understanding of the properties of metal halide perovskites.

Regarding the oxyhydride perovskites, these materials are of interest because of their
hydride ion conductivity. Here, the studies focused on elucidating the dynamical
properties of hydride ions in the perovskite materials SrVO,H and BaTiOsz_,H,,
using quasielastic neutron scattering techniques. For StVO3H, the results showed the
presence of a correlated jump diffusion mechanism, with an enhanced jump rate for
backward jumps, which slows down the long-range diffusion, and localizes hydride ions
in the vicinity of a particular vacancy. For BaTiO3_,H,, a faster diffusion process was
observed, which can be explained by the relatively larger amount of anion vacancies
in this material, which promotes diffusion. The vibrational dynamics of hydride
ions were further studied in SrVOsH. Interestingly, it was found that the V—H and
V—0-based phonons are largely influenced by the antiferromagnetic ordering of the
material. These results showcase the important couplings between the magnetism
and vibrational dynamics which can occur in magnetic oxyhydrides.

Keywords: Metal halide perovskite, oxyhydride, perovskite, quasielastic neutron
scattering, inelastic neutron scattering, diffusion, phonon, hydrogen dynamics, hydride
ion.
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Chapter 1

Introduction

Understanding the fundamental relationships between a material’s atomic structure
and dynamics and its macroscopic properties is a foundation in both physics and
chemistry and is also crucial for the rational development of new materials and devices.
With respect to the current importance of developing new and optimising/improving
present methods for energy conversion and electricity production, it is important
to develop new materials which can be used in such energy conversion or storage
devices and can improve or optimize their function. Generally, these materials can be
classified under the term ”energy materials”, which simply means materials which
show potential for use in some type of energy-relevant application. In order to continue
the development of energy materials, it is important to understand, on the atomic
scale level, the origin of their beneficial material properties. For crystalline materials,
the most obvious and critical property to understand is the crystal structure. However,
in many cases, it is not enough to understand just the crystal structure, but also
the dynamics of atoms in the crystal structure are of critical importance. In this
context, this thesis is focused on increasing the fundamental understanding of the
atomic structure and, in particular, atomic dynamics of two classes of energy materials,
namely metal halide perovskites (MHPs) and perovskite-type oxyhydrides. Specifically,
it is focused on elucidating the dynamical properties such as vibrational dynamics
(phonons) and ionic diffusion, which are of critical importance for several interesting
and useful properties these materials display. Such properties include optoelectronic
response for the MHPs and ionic diffusion for the oxyhydride perovskites, which are
relevant for the development of new and environmentally friendly energy technologies.

1.1 Metal halide perovskites

MHPs have recently emerged as efficient materials for use in solar cells [1]. These
materials are relatively old and have been known for over 40 years [2, 3], but their
promise for energy conversion applications was only demonstrated within the recent
10-15 years [4, 5]. Compared to current technologies, which are mainly based on Si or
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Figure 1.1: Illustration of the development of the power conversion efficiencies for
solar cells based on various materials from 2000 to present. The solar cells based
on MHPs are shown in yellow colour. Tandem and multi-junction solar cells are not
shown in the plot. This plot is courtesy of the National Renewable Energy Laboratory,
Golden, CO [8].

other common semiconductors, the main advantage of these MHPs is that they are
cheaper and easier to produce. This is important because it could reduce the cost of
large-scale solar photovoltaic power plants. Another important property of the MHPs
is that they can be easily synthesized as thin films using, e.g., spin-coating or vapour
deposition techniques [6], and because of the long carrier diffusion lengths in MHPs
[7], they can also operate as a thin film solar cell device.

Since the discovery of "perovskite solar cells” (solar cells based on MHPs), their
power conversion efficiency has increased rapidly and is currently similar to the most
commonly used Si solar cells, which is shown in Figure 1.1. Still, understanding the
detailed structure-property relationships in MHPs is challenging and is, therefore,
under ongoing research. The crystal structure of MHPs is based on the perovskite
structure, with the general chemical formula ABX3. Here, A is an organic cation (e.g.
methylammonium, MA™ or formamidinium, FA™) or a large inorganic cation (e.g.
Cs* or Rb1), B is a divalent metal cation (e.g. Pb** or Sn?*), and X is a halide anion
(e.g. I, Br—, or Cl7). These materials exhibit useful optoelectronic properties, which
make them suitable for use in photovoltaic devices; such material properties include,
for instance, close to optimal electronic bandgap for efficient solar absorption (iodine
compounds), long charge carrier diffusion lengths, and low electron-hole recombination
rates [9-11]. In devices, the most efficient materials are based on chemically substituted
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"3D" FAPbI, "2D" BA,Pbl,

Figure 1.2: Illustration of the crystal structure of ”3D” (left panel) and "2D” MHPs
(right panel). The organic cation disorder is schematically illustrated as all atomic
positions of FA from the symmetry equivalent sites from the O, site symmetry are
drawn. Colour code: I, purple; Pb, black; N, blue; C, brown; and H, pink. The figure
was generated using the VESTA software [26].

solid solutions, such as MA;_,_,FA;Cs,Pbl;_.Br, [12]. Chemical substitutions on
the A-site allows for improvement of the stability and performance of the material
[13-15], whereas halogen substitutions allow tuning of the electronic bandgap over
a broad range of energies [16, 17]. Besides such chemical substitutions, MHPs also
exhibit a large degree of structural and dimensional variability. The A-site cage in the
MHP structure limits the size of the organic cation to a large degree, but incorporating
larger organic cations changes the connectivity and dimensionality of the resulting
crystal structure, which is illustrated in Figure 1.2. For larger organic cations, this
will create a layered crystal structure with sheets of corner-sharing B Xy octahedra
separated by large organic cations [18]. These layered (or often called two-dimensional
(2D)) materials are based on the Ruddlesden-Popper crystal structure of general
chemical formula Ro BX,4. The layered MHPs exhibit a larger exciton binding energy,
shorter charge carrier lifetimes, and a larger electronic bandgap, which makes them
unsuitable for use in photovoltaic devices, but attractive for other applications, such
as in light-emitting diodes [19-23]. Furthermore, these layered materials exhibit
higher stability compared to the 3D MHPs [18, 24, 25].

Apart from their structural tuneability and versatility, MHPs exhibit distinct char-
acteristics related to their dynamical properties, which are not present in conventional
inorganic semiconductors (like Si or GaAs). In hybrid organic-inorganic MHPs, the
A-site organic cation is dynamically disordered for temperatures 2> 150 K [27, 28]. In
addition, the lead halide framework is made from relatively weak ionic bonding and
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heavy elements, leading to low phonon energies and intrinsic dynamic disorder even
for all-inorganic MHPs [29-32]. The remarkable optoelectronic properties of MHPs
have been attributed to various phenomena, which have been discussed in literature
[10]. Ome such phenomenon is the large dynamical fluctuations, which are caused by
the intrinsic dynamic disorder of the ”soft” lead halide framework and/or organic
cation dynamics. These dynamic fluctuations have, e.g., been hypothesized to induce
large polaron formation and screening of charge carriers, resulting in defect tolerance,
moderate charge carrier mobility, and low recombination properties [30, 33-35]. How-
ever, there is still a lack of complete understanding of these phenomena, and several
of the proposed microscopic mechanisms require further experimental verification.

1.2 Oxyhydride perovskites

Perovskite-type oxyhydrides are an interesting class of mixed-anion compounds that
typically are formed from transition metal oxides when the oxygen anions (0%~ )are
partly replaced by hydride ions (H™). In similarity with the MHPs, most known
transition metal oxyhydrides are based on the perovskite structure or perovskite-
like structure, which are of specific concern in this thesis. Figure 1.3 shows, as an
example, the crystal structure of SrVOj3 and its corresponding oxyhydride StVO-H,
which is formed upon reacting SrVOsz with CaHy at around 600 °C [36]. The
introduction of hydride ions has been shown to affect several material properties, such
as electronic [37] and magnetic [38] properties, and hydride ion conductivity [39-41].
The property of hydride-ion conductivity is of great interest from an application
perspective, particularly in the development of new solid-state ionics technologies such
as fuel cells and batteries based on oxyhydrides. Although several transition metal
oxyhydrides are thought to exhibit hydride-ion conduction, little is known about the
underlying atomic-scale diffusion mechanism, partly because of the lack of methods
that can probe the sole transport of hydride-ions in a solid material. One particular
difficulty with measuring the hydride-ion conductivity is the presence of simultaneous
electronic conductivity in many known materials [42]. However, quasielastic neutron
scattering (QENS) is a powerful technique for directly probing hydrogen diffusion in
solids and has been used to observe hydride-ion diffusion in LaSrCoO3Hg 7 [43] and
in BaTiO3_,H, [44]. Recently, pure hydride-ion conductivity was demonstrated in
Lag_y—ySryyyLiHy_ 54, 03_, [40]. However, the diffusion mechanism of hydride ions
in oxyhydrides remains poorly understood, and the development of superior transport
properties in new oxyhydride materials depends on a deeper understanding of this
mechanism.
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Figure 1.3: Illustration of the crystal structures of StVOj (left panel) and SrtVO.H
(right panel) [36]. Colour code: Sr, grey; V, blue; O, red; and H, pink. The figure
was generated using the VESTA software [26].

1.3 Aim of the thesis

This thesis aims to contribute with a new fundamental understanding of the local
structure and dynamical properties and their correlations with the aforementioned
important material properties of both MHPs and perovskite oxyhydrides. To this
end, a variety of neutron spectroscopy techniques have been used in order to probe
atomic correlations in both space and time. For the MHPs, the studies have focused
on understanding the organic cation dynamics in the FA;_MA,Pbls system, using
both QENS and inelastic neutron scattering (INS) methods. It further reports
results on the vibrational dynamics and its temperature dependence in the lead
iodide perovskite systems CsPbls and FA;_,MA,Pbls. Lastly, in order to obtain
an even more complete picture of organic cation dynamics in MHPs, the studies
were extended to include the layered (2D) lead iodide perovskites butylammonium
lead iodide (BAoPbl,) and phenethylammonium lead iodide (PEAPbly) — two of
most well-studied layered MHPs, which also exhibit some distinct differences in their
optoelectronic properties, thus making them good model systems for understanding
the effect of organic cation dynamics on the optical and electronic material properties.
For the transition metal oxyhydrides, the studies focused on the perovskite systems
SrVO.H and BaTiOs_,H,, and QENS was used to directly measure and characterize
the hydride-ion jump diffusion. For SrVO3H, the vibrational spectrum was also fully
characterized using INS and indicated an interesting coupling between the magnetic
ordering and the phonons in the material.

The thesis is organized as follows. Chapter 2 and 3 introduce the background
of MHPs and transition metal oxyhydrides, respectively. Chapter 4 describes the
main methods used in this work, and Chapter 5 describes some key experimental
considerations in neutron scattering. The major findings of this thesis are summarized
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and discussed in Chapter 6, and Chapter 7 provides a conclusion and outlook for
future studies.



Chapter 2

Metal halide perovskites

MHPs are under considerable scientific interest because of their useful and interesting
optical and electronic properties, with potential applications in photovoltaic (PV)
and light emitting devices [1, 22]. For application in solar cells, the most well-
studied MHPs are methylammonium lead iodide (MAPbI3, MA = CH3NHY) and
formamidinium lead iodide (FAPbI3, FA = CH(NHz)J). Both of these materials and
their corresponding solid solutions FA;_MA,Pbls exhibit electronic band gaps near
optimal for achieving a high power conversion efficiency in a PV device (~ 1.4—1.55 eV
[45]). In addition to the close-to-optimal bandgap, these materials also exhibit several
other beneficial properties for solar cells applications, such as long charge carrier
lifetimes, low exciton binding energy, low recombination rates, and relatively high
tolerance to defects [11]. The main factors limiting the use of these materials in real
solar cell devices are their poor long-term stability towards humidity and heat [46, 47],
and the toxicity of the lead [48]. However, given the rapidly increasing amount of
discovered metal halide perovskites with useful optoelectronic properties, and the large
chemical space left to explore, there are most likely many more compounds waiting
to be discovered, hopefully with higher stability and without lead. A rational design
of such materials is only possible when understanding how their atomic structure and
dynamics give rise to their beneficial optoelectronic properties.

The layered lead iodide perovskites are featured by a layered crystal structure of
sheets of corner-sharing Pblg octahedra separated by the larger organic cations, which
is shown in Figure 2.1 (b). This layered structure also gives rise to distinct differences
in the optoelectronic properties compared to the APbls perovskites, such as a larger
electronic bandgap. This is shown in Figure 2.1 (c), which compares the optical
absorption spectra of MAPbDI3 to that of the layered lead iodide perovskite BA;Pbly
(BA = butylammonium, CH3(CHz)3NHZ ). For MAPbI3, the absorption shows a
sharp onset around 1.5 eV, which corresponds to the bandgap. For BA;Pbly, there
are, in addition, pre-edge peaks below the main absorption peak around 2.6 e¢V. Those
pre-edge peaks correspond to exciton peaks [21] and appear for the layered materials
because of their higher exciton binding energy. For MAPDbI3, no such exciton peaks
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Figure 2.1: Illustration of the crystal structures of (a) 3D lead iodide perovskites
and (b) 2D layered lead iodide perovskites. Colour code: I, purple; Pb, black; N, blue;
C, brown; and H, pink. The organic cation spacers are illustrated as green ellipsoids
in (b). (c) Comparison of the optical absorption spectra measured on powder samples
of MAPbI3 and BA,Pbl, at 77 K. The spectra have been vertically offset for easier
comparison. The data was measured at Chalmers University of Technology.

can be distinguished in the data, which is due to the low exciton binding energy in
MAPbDI; [27].

2.1 Structural properties of APbl; perovskites

As mentioned before, MHPs are based on the versatile perovskite structure with the
general chemical formula ABX3. The ideal structure is a simple cubic form with
space group Pm3m, which is generally displayed at sufficiently high temperatures.
However, this ideal cubic structure is rarely the ground state, and the perovskites
generally display (several) symmetry-lowering phase transitions upon lowering the
temperature. Figure 2.2 shows a typical phase behaviour of metal halide perovskites,
i.e. a high-temperature cubic phase, an intermediate temperature tetragonal phase,
and a low-temperature orthorhombic phase. In general, these different phases are
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Increasing temperature

Orthorhombic Tetragonal Cubic

Figure 2.2: Illustration of cubic perovskite structure and typical phases of lower
symmetry that often are formed at lower T', by tilting of the lead iodide octahedra.
The A-site cation is illustrated as a blue sphere. The solid lines indicate a unit cell.
The illustrated distorted phases are those formed by CsPbl; [49]. The figure was
generated using the VESTA software [26].

formed from the cubic phase by various tilting patterns of the PbXs octahedra.
However, the details of these phases depend on the detailed chemical composition of
the material. In what follows, the structures of the lead iodide perovskites MAPDI;,

FAPbI3, FA;_,MA,Pblz, and CsPbls, as have been studied in this thesis, will be
discussed in more detail.

2.1.1 Methylammonium lead iodide

Poglitsch and Weber [3] demonstrated in their original report that MAPbDI5 has three
distinct crystal structures depending on temperature: a low-temperature orthorhombic
phase (T < 165 K), a tetragonal phase (165 K < T < 330 K), and a high-temperature
cubic phase Pm3m (T > 330 K). In the cubic phase, the MA cation was found
to be dynamically disordered, meaning that the MA cations change orientations
dynamically between all unit cell directions [3]. However, some structural details
are still under discussion as described in [50], particularly regarding the degree of
ordering of MA and the space group assignment of the low-temperature orthorhombic
structure. The orthorhombic low-temperature structure was initially solved in the
non-centrosymmetric space group Pna2; by Poglitsch and Weber [3]. Following this
work, Baikie et al. [51] refined the structure to the centrosymmetric Pnma space
group using single crystal x-ray diffraction (XRD). Weller et al. [52] provided a
more detailed picture of the MA positions and orientations in the tetragonal and
orthorhombic phases from structural refinement based on neutron powder diffraction
data. In the tetragonal phase, which was solved in the I4/mem space group, the
MA cation was found to be disordered in the ab-plane along four directions directed
towards the faces of the distorted Pbls framework [52]. In the low-temperature
Pnma structure, MA™ cations are fully ordered, with the NH3 pointing towards the
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distorted square face of the distorted perovskite structure [52]. However, a later study
by Druzbicki et al. [53] questioned the validity of the Pnma structure to describe the
INS data of MAPbI3 at 10 K, which is particularly sensitive to the local environment
around the MA cation. Recent studies have also challenged the commonly accepted
centrosymmetric 74/mem model of the room-temperature phase by claiming that the
room-temperature tetragonal phase of MAPbDI; is ferroelectric [54]. Breternitz et al.
[65] further explained the origin of ferroelectricity by describing the tetragonal phase
in the polar space group I4cm using single-crystal XRD. The detailed structure of
the cubic phase has also been debated, with high-resolution X-ray total and inelastic
scattering studies suggesting that the cubic phase comprises small dynamic local
tetragonal domains [56]. However, a recent study by Weadock et al. [57] disproved
this dynamic-domain hypothesis using INS.

2.1.2 Formamidinium lead iodide

The stable phase of FAPbI3 is a non-perovskite hexagonal structure at room temper-
ature (yellow d-phase P63/mmc) [58]. This phase has a too large electronic band gap
for efficient solar absorption and is thus of little relevance for photovoltaic applications
[14, 59]. However, a cubic perovskite structure of FAPbI; (black a-phase, Pm3m),
with an optimal band gap for solar absorption (around 1.47 €V), is formed when
heating above around 410 K [14, 59, 60]. Upon cooling back to room temperature,
this cubic perovskite phase is found to be metastable and can be stabilized at room
temperature for several days. A progressive transition back to the J-phase occurs
only slowly. Figure 2.3 shows an illustration of the crystal structures of the §-phase
and the cubic perovskite phase of FAPbI3 together with optical absorption spectra
for these phases. In the perovskite phase, the optical band gap is around 1.47 eV, and
there is a sharp onset of light absorption around this photon energy. For the §-phase,
the optical bandgap is much larger, and the main absorption peak occurs around 3
ev.

Upon cooling the metastable cubic a-phase, a tetragonal S-phase (space group
P4/mbm) occurs below 285 K, and another tetragonal phase occurs below 140 K
(y-phase) [45, 58, 63, 64]. The structure of the low-temperature y-phase is still not
completely understood. Based on powder XRD data, Fabini et al. [63] refined the
structure of the vy-phase in a new primitive tetragonal unit cell retaining the P4/mbm
symmetry. Later, Chen et al. [45] proposed another structure based on a 1 x 1 x 6
supercell of the intermediate tetragonal phase where the FA cation is rotated in
small steps around the c-axis. This resulted in a structure with space group P4bm.
However, recent neutron powder diffraction data reported by Weber et al. [58] did not
observe any high d-spacing supercell reflections as is predicted by the model by Chen
et al.. Their results thus indicated a more disordered low-temperature structure, with
possibly no long-range order of the FA cation orientations. This structural view based
on diffraction studies (probing the time-averaged structure) is also in agreement with
previous thermodynamic property measurement [65] and local structure studies [66],
which have indicated the formation of an orientational glass of FA below ~ 100 K.
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6-FAPbI3, T=77 K
—— Yy-FAPbI3, T=77 K

Absorption (arb. units)
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Figure 2.3: (a) Illustration of the hexagonal crystal structure of §-FAPbI3, viewed
along two different directions [61]. (b) Optical absorption spectra of §-FAPbIz and
perovskite phase FAPbI3 (in y-phase) measured at 77 K (liquid nitrogen temperature).
The spectra have been vertically offset for easier comparison. (c¢) Structure of cubic
a-FAPbDI3. Note that in this phase, the FA cation is disordered along all directions of
the unit cell [62]. The structural images were generated using the VESTA software
[26].

The structures of the two low-temperature phases of FAPbI3 are illustrated in Figure
2.4.

2.1.3 MA,_,FA_ Pbl; solid solutions

Due to the previously mentioned phase stability problem of FAPbDI3, a lot of efforts
have recently been focused on the mixed-cation system FA;_MA,Pbls, which has
been shown to stabilize the cubic perovskite structure of FAPbI3 at room temperature,
even for relatively low concentrations of MA [13, 14]. In addition, these mixed-cation
systems show higher stability towards humidity and heat than pure MAPbI3 and are
among the materials with the highest power-conversion efficiencies when used in a
perovskite photovoltaic device [1, 47, 67, 68]. The phase diagram of FA;_ MA,Pbl;
solid solutions has been recently studied by Francisco-Lépez et al. [69], by Raman
scattering and photoluminescence spectroscopy. They obtained the phase diagram
as a function of temperature and molar ratio of FA to MA for the FA;_MA,Pbl3
system, which is shown in Figure 2.5. The main results are that for low concentrations
of FA, the phase behaviour is similar to that of MAPDbI3, while for FA concentrations
above ca. 0.55, the phase behaviour is similar to that of FAPbI3. Noticeably, for molar
ratios of MA to FA close to 0.5, the intermediate temperature phase is completely
suppressed, and the phase transition from cubic to the disordered low-temperature
~-phase occurs directly [69].
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Tetragonal B-phase Tetragonal y-phase

Figure 2.4: Illustration of the crystal structure of the S-phase and ~y-phase of FAPbI3
viewed along two different directions. Left panel: Intermediate tetragonal phase of
FAPDI3, based on the structural model according to Weber et al. [58]. Right panel:
Model of the low-temperature y-phase according to Chen et al. [45]. This model is
based on a 1 x 1 x 6 expansion of the S-phase model where the FA cation is rotated
in increments around the c-axis. I, C, N, and H atoms are depicted as purple, blue,
brown, and pink spheres, respectively. The Pb atoms lie within the black octahedra.
The images were generated using the VESTA software [26].

Summing up, these previous studies on FA;_MA,Pbls have clearly illustrated
the difficulty in obtaining a complete understanding of the structural properties of
MHPs. This is especially apparent when comparing results from different experimen-
tal methods, for example, crystallographic (diffraction) results versus results from
techniques more sensitive to the local or instantaneous structure or when comparing
X-ray and neutron scattering data. For X-rays, the light elements present in the
organic cations are virtually invisible, but for neutrons, the scattering cross section is
large, making their contrast far more apparent when using neutrons. Thus, X-rays
mainly "see” the lead halide framework, whilst neutrons are very sensitive to the
organic cations. One can further note that the complexity created by the additional
rotational degrees of freedom of the organic cations, and the intrinsic dynamic disorder
of the lead halide framework in these materials, adds further difficulty for a complete
understanding of their structure. This has also been demonstrated in several local
structure studies using X-ray and neutron pair distribution function analysis [70, 71],
which have shown that even when the time-averaged structure appears cubic, the local
structure can be significantly distorted into a local structure which is more similar
to the low-temperature distorted perovskite phases. While the atomic structure of
a material is critical for understanding its properties, many materials’ properties
are inherently linked to atomistic dynamics. This is, in particular, true for systems
like FA;_MA,Pbls, which are highly dynamic at ambient temperature. While
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¢ b

Figure 2.5: Illustration of the structural phase behaviour of the solid solutions
FA;_xMA,Pbl;s according to Francisco-Lépez et al. [69]. Pure MAPbI3 and FAPbI;
correspond to the left and right edges of the diagram, respectively. Space group
assignments that are still not completely solved are marked with question marks.
Reprinted with permission from Ref. [50], Copyright (2021) American Chemical
Society.

FA,_ MA,Pbl; has previously mainly been studied by crystallographic techniques,
which yield the time-averaged structure, spectroscopic techniques, such as INS, are
sensitive to the atomic correlation functions in both space and time and can therefore
provide additional information on the local structure and dynamics of the organic
cations [50].

2.1.4 Caesium lead iodide

The compound CsPbl; was first synthesized already in 1893 [72] and its crystal
structure was first determined by Moller in 1958 [73, 74]. Similar to the hybrid MHPs,
as discussed above, CsPbls features several phase transitions and a complex phase-
transition behaviour. The tolerance factor [75] of CsPbls is in the lower limit of forming
a perovskite structure (¢t = 0.85 [76]), and the stable structure of CsPblz at room
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(b)

Figure 2.6: Illustration of the crystal structures of CsPbls [49, 73, 81], studied in
this thesis. (a) The at room temperature stable d-phase. (b) The cubic « perovskite
phase. Cs and I atoms are illustrated as green and purple spheres, respectively. The
PDb ions lie within the black octahedra. The image was produced using the VESTA
software [26].

temperature is thus an orthorhombic non-perovskite phase (Pnma, d-phase), yellow in
colour and with a wide band gap that is unsuitable for efficient solar absorption. This
structure is similar to the d-phase of FAPDbI3 and consists of 1D chains of face-sharing
Pblg octahedra, separated by the Cs cations, see Figure 2.6. A cubic perovskite phase
(a-phase, Pm3m) is formed above around 595 K [73]. Metastable distorted perovskite
phases of lower symmetry upon cooling the cubic phase (a tetragonal phase (P4/mbm
B-phase) below 554 K, and an orthorhombic phase (Pnma, vy-phase) below 457 K)
have also been reported [49]. Sutton et al. [77] confirmed that the orthorhombic
~v-phase could be kinetically trapped at room temperature but found it was only
observed under rapid cooling whilst the transformation back to the yellow §-phase was
favoured upon slow cooling or in the presence of moisture, in agreement with earlier
reports [74, 78-80]. In a recent study Strauss et al. [81] found that the orthorhombic
perovskite phase (y-CsPbls) could be directly synthesized and kinetically stabilized
at room temperature. It was further found that y-CsPbls was stable under oxygen
but rapidly converted to the d-phase upon exposure to moisture.

2.2 Importance of dynamics in APbl; perovskites

That the organic cations in MHPs are highly dynamic was realized already in the origi-
nal work by Poglitsch and Weber in 1987 [3]. They used millimeter-wave spectroscopy
to observe dynamical relaxation on the picosecond timescale in MAPbX3 (X = I, Br,
and Cl) and interpreted the results in terms of a dynamic disorder of the MA cations.
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In more recent years, the natural question of what is the influence of the organic cation
dynamics on the optoelectronic properties of MHPs has emerged. Consequently, the
organic cation dynamics in MHPs have been the subject of numerous experimental
and computational studies [27, 66, 82-94]. The organic cation dynamics (in particular
that of MA, which has an electric dipole) have been hypothesized to play a major role
in several material properties, such as, for example, the presence of microscopic or
surface ferroelectric domains [82], exciton binding energy [27], and charge recombina-
tion rates [33, 95, 96]. An important finding from both experimental and theoretical
studies is that the dynamic disorder created by the rotation of the dipolar molecular
cation creates polar fluctuations, which can lead to increased separation of the charge
carriers, which, consequently, leads to reduced recombination rates [95, 96]. This
was further established by Chen et al. [45], who measured the recombination rates
in all crystallographic phases of MAPbI3 and FAPbI3 and found that phases with
higher rotational entropy give rise to longer carrier lifetimes. This observation was
confirmed in a recent study by Koda et al. [97], which, based on muon spin relaxation
techniques, showed that the rotations of MA in MAPbDI3 lead to an extension of the
photoexcited charge carriers lifetime. However, studies have also shown that such
dynamical polar fluctuations also are present for the all-inorganic material CsPbBrs
and might thus be intrinsic to the inorganic sublattice [29, 30]. MHPs have further
been argued to belong to the class of materials known as “phonon glass electron
crystals”, meaning that they show conventional electron dynamics according to the
electronic band theory of semiconductors but exhibit ”glass-like” phonons [34, 35].
This “crystal-liquid duality” has further been hypothesized to induce large electron
polaron formation and screening of charge carriers, leading to defect tolerance, moder-
ate charge carrier mobility, and low radiative recombination properties [33-35]. This
behaviour has been argued to be an effect of the weak ionic bonding and relatively
large atomic masses of the lead halide frameworks [30] and the organic molecular
cation reorientational motions [34]. However, a complete understanding of the nature
and effect of the organic cation and perovskite lattice dynamics on the structural and
optical properties of MHPs remains in many ways elusive.

For probing the rotational organic cation dynamics in MHPs, a powerful exper-
imental technique is QENS. This is because their dynamics occur at the time and
length scales directly accessible to neutron scattering [3, 27], and the large incoherent
neutron cross section of hydrogen, which is present in the organic cation ends, makes
neutrons sensitive to the self-dynamics of the organic cations. The localized rotational
motions of the organic cations have been directly probed in previous studies by QENS
for the MA-containing compounds MAPbI; [27, 82, 83, 87], MAPbBr3 [88, 98], and
MAPDCI;3 [99, 100]. As a primary example, Chen et al. [27] used a group theoretical
symmetry analysis of their QENS data to show that for MAPbI3, in the room temper-
ature tetragonal structure and high-temperature cubic phase, the whole MA cation
performs rotations of four-fold symmetry around the crystallographic c-axis, whilst in
the low-temperature orthorhombic phase, only the three-fold rotations of the methyl
and/or ammonia group around the C—N axis persist. Figure 2.7 shows an illustration
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Figure 2.7: Schematic illustration of the various possible rotational modes of MA
and FA [10, 27, 101, 102] in lead halide perovskites. Note that FA is a planar molecule.
Adapted with permission from Paper I [102].

of these rotational motions. Interestingly, Chen et al. [27] could further correlate
their results for the MA rotational dynamics to the low exciton binding energy and
low charge recombination rate in MAPbI3. The onset of cation reorientations in
the tetragonal phase of MAPbI3 was found to occur at the same temperature as a
sharp increase in the dielectric function. Since the exciton binding energy is inversely
proportional to the dielectric function, this suggested that the activation of full MA
rotations in MAPDI; is related to the lowering of the exciton binding energy in this
material [27].

Contrastingly, the cation dynamics in FA-based MHPs have been studied much
less than for MAPbI3. A QENS study on FAPbBr3 was recently reported by Sharma
et al. [101]. They showed that the FA cation performs isotropic rotations for all
measured temperatures (100 — 350 K), with an increasing fraction of FA cations
contributing to the dynamics with increasing temperature. However, Mozur et al.
[103, 104] have found that the FA cation orientation and dynamics in FAPbBr3 relate
to unusual temperature trends in the photoconductivity and that the dynamics are
highly dependent on local structural distortions. The FA cation dynamics in FAPbI3
have also been investigated by several experimental techniques [66, 84, 105, 106].
For example, Fabini et al. [66] used a combination of nuclear magnetic resonance
(NMR), dielectric spectroscopy, and density functional theory (DFT) simulations to
show that the FA cation primary reorients around the N...N axis (see Figure 2.7) in
all crystallographic phases, with a relaxation time of about 8 ps at RT. In another
NMR study by Kubicki et al. [84], it was found that at room temperature, the FA
cation rotation in FAPbI3 is more than one order of magnitude faster than for MA in
MAPDI3, despite the larger size of FA. These results are at variance with the NMR
results reported by Fabini et al., who showed that the reorientation rate of MA and
FA in MAPbI3 and FAPDbI3 are very similar at room temperature [66]. Mishra et al.
[107] recently reported a comprehensive NMR investigation on the cation rotations
in a wide range of MHPs, including MAPbI3, FAPbI3, and FA;_MA,Pbl3. They
showed that the FA correlation times at room temperature for FA cation are lower
than 1.5 ps for rotations around all three principal axes (see Figure 2.7) and that
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the rotational dynamics in the cubic phase do not change significantly when doping
FAPDbI3 with MA™T.

2.2.1 Phonons and phase transitions

Displacive phase transitions are typically described in terms of a ”"soft phonon”; i.e.
a phonon whose frequency goes to zero at the phase transition and whose dynamic
atomic displacements give rise to the distorted crystal structure in the new phase
[108, 109]. At the phase transition, these displacements "freeze in” and become static
in the lower symmetry phase. This model describes most phase transitions in oxide
perovskites [108, 109]. For MHPs, an early INS study on CsPbCl; explained the
phase transition in terms of a similar soft phonon mechanism [110], which also is in
agreement with more recent work on CsPbBrj [32]. Lanigan-Atkins et al. recently
reported that the PbBrg octahedra tilting modes, which are related to the structural
phase transitions, in CsPbBrs are overdamped along the whole M — R branch of the
Brillouin zone in the cubic phase [29]. This highly unusual behaviour was further
elaborated on in a recent molecular dynamics simulation study by Fransson et al.
[111], which found that these modes remain overdamped even far above the phase
transition temperatures. These overdamped phonon modes give rise to relaxational
dynamics of the lead halide octahedra, which can give rise to many different local
dynamic structures of lower symmetry in the cubic perovskite phase, which has been
shown in recent molecular dynamics simulation studies [112, 113].

For the hybrid MHPs, the situation is even more complex because of the additional
degrees of freedom of the organic cations. An INS study of a powder sample of
MAPDBrj3 reported a soft-phonon mode whose frequency approached zero towards
the orthorhombic-to-tetragonal phase transition [88]. However, more recent studies
on MAPDI3 have found that the orthorhombic-to-tetragonal phase transition is of
first-order [114] and is also an order-disorder transition of the MA cation ordering
[27]. The tetragonal-to-cubic phase transition in the hybrid MHPs APbX3 (A =
MA, FA; X =1, Br) were recently studied in detail by Hehlen et al. [115] using
INS, Raman scattering, and Brillouin scattering. In particular, they found a very
similar phase transition behaviour for all these compounds and could not observe any
soft phonon mode, which indicated that the transition is not of displacive character.
They further found a slow relaxational component in Brillouin scattering spectra
which was assigned to anharmonic dynamics of the cation center of mass in the
perovskite structure and was argued to be related to the phase transition mechanism
[115]. Taken together, the phase transition mechanisms in MHPs is generally very
complex and remain not fully understood. For the hybrid MHPs, the non-spherical
geometry and more complex interactions with the lead halide framework of the organic
cations add an additional complexity to the problem. This is particularly true for the
low-temperature structures where the interactions between the cations and perovskite
cage can become frustrated [66], leading to locally disordered structures [58].
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2.3 Crystal structures of layered lead iodide per-
ovskites

2.3.1 Phenethylammonium lead iodide

The original work solved the crystal structure of PEA;Pbly in the monoclinic space
group C2/m [116], using single-crystal XRD. However, there was some disorder in the
relative orientation of the Pblg octahedra, indicating potentially a larger unresolved
supercell expansion in the ab plane. Some later studies have favoured a triclinic
structure with P1 symmetry [117, 118] with 4 chemical formulae per unit cell (Z = 4),
or another P1 structure with Z = 2 [119], or a lower symmetry monoclinic structure
(space group Cc) [120], which all are related to the C2/m structure by a supercell
expansion along the directions of the inorganic Pb—I layers. Another study by Song
et al. further found that PEAsPbl, can exist as two distinct polymorphs [121], one
monoclinic and one triclinic, and which exhibit different photoluminescence behaviour.
The Z = 4 P1 structure according to Ref. [118] is illustrated in Figure 2.8.

2.3.2 Butylammonium lead iodide

The crystal structure of BAsPbly is orthorhombic at room temperature with space
group Pbca and Z = 4 [119, 122]. It further undergoes a first-order structural phase
transition to an iso-symmetrical (same space group) low-temperature phase, with
a large hysteresis in the transition temperatures, around 240 K on cooling and 270
K on heating [122]. In the low-temperature structure, the out-of-plane octahedral
tilt angle is relatively large, and the organic cations are less aligned towards the
c-axis. In the high-temperature phase, the octahedral tilt angle is significantly smaller
but non-zero, and the organic cations are more aligned with the long molecular axis
parallel with the c-axis [119], and there is, in addition, some disorder in the organic
cation positions.

2.4 Importance of dynamics in layered lead iodide
perovskites

Recent studies of layered MHPs have revealed unusual and interesting interactions be-
tween lattice and electronic degrees of freedom [123-130], showing that the vibrational
dynamics is directly relevant for understanding the optoelectronic properties of these
materials [131]. In addition, dynamical disorder [132-134], organic cation dynamics
[135-138], and strong anharmonicity [119, 139] have been shown to influence the
optoelectronic properties of the materials. The organic cation dynamics in layered
MHPs have been studied experimentally using both NMR and QENS techniques. The
first experimental study of the molecular reorientation rates in PEAsMA,,_1Pb, I5,11
(n =1,2) was reported in 1996 using NMR [140]. The dynamics of the organic cations
have since then been studied in more recent experiments [135, 137, 138, 141-143].
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BA,Pbl, LT phase BA,Pbl, HT phase PEA,PbI,

=17 A

Figure 2.8: Illustration of the crystal structures of BAyPbly (low and high tempera-
ture phases) [119] and PEA;Pbl, [118]. The approximate distances between the lead
iodide layers for the two materials are indicated. The solid lines indicate a unit cell.
The images were generated using the VESTA software [26].

Hu et al. [138] recently reported a detailed QENS study of (CsH17NH;z)2Pbl, which
showed that the type of rotational dynamics depends on the crystallographic phase,
with only C3 rotations of ammonia and methyl groups observed in low-temperature
and intermediate-temperature phases, and rotations around the crystallographic c-axis
and other CHs group librations observed in the high-temperature phase. Another
QENS study [135] claimed that there is a correlation between those types of organic
cation dynamics and broadband luminescence in layered lead bromide perovskites.
Dahlman et al. [137] reported a detailed NMR study on the organic cation dynamics
in PEA,Pbl,, BAoPbly, and (CgH17NHs)2Pbl,. Their results indicated similar dy-
namics in BAoPbly and PEA;PbI,. In particular, they found that the phenyl ring
rotations in PEA;PDbI, are relatively slow and occur on timescales between 10 — 100
us [137]. However, the exact nature of the probed dynamics in BA;Pbl, was not fully
understood.

The organic cation dynamics have also been studied using computational techniques.
A recent molecular dynamics simulation study showed that even though the BA
organic cation is relatively large, the whole organic molecular cation rotates at room
temperature in BA;PbBry [134]. This was further found to induce dynamical potential
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fluctuations, similar to as been proposed for the 3D MHPs, that are sufficient to
localize the charge carrier wavefunction, thus enhancing the charge carrier lifetimes
due to electron-hole separation [134]. Interestingly, it was further found that the
potential fluctuations are induced from a motion of the net charge centers of the
organic cations and that they are also present in the all-inorganic material CsoPbBry
[134]. Thus, the presence of organic cations is not solely responsible for the presence
of such local polar fluctuations, which is in line with the current understanding of 3D
MHPs [30].
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Oxyhydride perovskites

3.1 Structure and properties

Transition metal oxyhydrides are formed by reducing transition metal oxides when the
oxide anions (O?7) are partly replaced by hydride ions (H™). These materials thus
belong to the rather rare class of materials called mixed anion compounds, i.e. they are
based on different anions in the same substructure. One of the first reported transition
metal oxyhydrides was discovered by Hayward et al. in 2002 [144]. They reported
the synthesis of LaSrCoOsHg 7 upon reduction with CaHs of the Ruddlesden-Popper
phase oxide precursor LaSrCoQO,4. This material generated a lot of scientific interest,
mainly because of the possible novel electronic and magnetic properties that could
be introduced with the hydride ions. In addition to this, there were open questions
related to the mechanism of hydride-ion insertion into the oxide and the possibility of
hydride-ion conduction. Subsequent studies investigated LaSrCoOsHg 7 with respect
to magnetic and electronic properties [145] and hydride-ion diffusion [43].

The relatively simple synthesis method developed by Hayward et al. [144], "topochem-
ical” reduction with CaHy (or other metal hydrides), also provided more opportunities
for further discoveries of novel oxyhydride phases upon hydride reduction of transition
metal oxides. After this pioneering work, a few other transition metal oxyhydrides
were synthesized using the same methods [146, 147]. However, the number of discov-
ered transition metal oxyhydrides so far is still relatively limited. This is because
whilst the topochemical reduction of transition metal oxides with metal hydrides
can often be performed to form highly reduced oxide phases, such as LaNiOy [148]
or SrFeO; [149], with unusual transition metal coordination environment, hydride
insertion is still relatively rare [150, 151]. In 2012, Kobayashi et al. reported the
synthesis of BaTiO3_,H, (with = up to 0.6) [39], which shortly after was followed
to include the series ATiOs_,H, (A = Ba, Sr, and Ca) [42, 152]. This was the first
example of an oxyhydride based on the simple cubic perovskite structure. Later on,
other perovskite-type oxyhydrides, such as StVO5H [36] and SrCrO5H [153] have been
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(a) SrCrOoH (b)  SrvOoH

Figure 3.1: (a) Crystal structure of cubic SrCrOsH according to Ref. [153]. Sr, O,
and H atoms are shown as grey, red, and pink spheres, respectively. The Cr ions
are inside the dark blue octahedra. The 2/3 red and 1/3 pinked coloured spheres
illustrate the structural disorder in the anion substructure. (b) Crystal structure of
anion-ordered tetragonal SrVO3H according to Ref. [36]. The V ions are inside the
dark blue octahedra. The images were generated using the VESTA software [26].

reported. Interestingly, even though all of these materials are formed from transition
metal oxides with perovskite structures, different cases regarding the anion ordering
and concentrations have been encountered. Both ATiOs_,H, (A = Ba, Sr) [39, 152]
and SrCrO,H [153] display average cubic perovskite structures in which the O?~ and
H~ anions are completely disordered in a solid solution behaviour [Figure 3.1 (a)].
CaTiO3_,H, display an orthorhombic distorted perovskite structure, but still with
an anion disorder [152]. For SrVO.H, a very different scenario has been observed,
where the O?~ and H™ anions are perfectly ordered in a tetragonal structure that
is related to the cubic perovskite structure [36]. This anion-ordered structure of
SrVO,H is illustrated in Figure 3.1 (b). The anion-ordering stems from the local
bonding preference of the V3T cation, where the trans-orientation is preferred for the
two locally coordinated H™ [154], and the octahedral coordination is completed by
4 0%~ in a square-planar coordination. Both SrCrOsH, with Cr3t d3 species, and
SrVOoH, with V3+ d? species (Figure 3.2), exhibit antiferromagnetic (AFM) ordering,
which remains intact for relatively high temperatures above room temperatures. The
Néel temperature of SrCrO5H is 380 K [153] and above 430 K for StVOoH [36, 155].
For both SrCrOsH and SrVO3;H, the AFM structure is of G-type with a 10-atom
body-centered tetragonal unit cell that is based on a /2 x /2 x 2 expansion of the
non-magnetic cell [36, 153]. The AFM structure of StVO2H is shown in Figure 3.2(a).
For BaTiO3_,H,, the Ti cations are in a mixed Ti**/Ti** oxidation state, where
only the Ti** have one remaining d-electron. Consequently, BaTiO3_,H, does not
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Figure 3.2: Schematic illustrations of the structure of StVO2H. (a) Illustration of the
antiferromagnetic structure of StVOoH according to Ref. [36]. Sr, V, O, and H ions
are shown as grey, blue, red, and pink spheres, respectively. The antiferromagnetically
ordered spins of the V3+ cations are illustrated as arrows and lie parallel to the c-axis.
(b) Mlustration of the ab-plane of the crystal structure where the hydride-ions lie
coordinated to Sr in a square-planar fashion. (¢) Local coordination of V by 4 O and
2 H leads to a (dy.,d,.)? electronic state [36]. The images were generated using the
VESTA software [26].

show any long-range magnetic ordering but is paramagnetic down to, at least, 5 K
[39].

Transition metal oxyhydrides show a variety of interesting and useful properties,
including electron transport, mixed ionic-electronic conductivity, magnetic, and
catalytic properties [156]. StVOoH has been investigated theoretically with respect
to electronic and magnetic properties, finding unusually strong magnetic couplings
that are dependent on the hydride-ions [38, 157]. Further, a high-pressure XRD study
has shown that the hydride-ions in SrVOsH are extraordinarily compressible and
that pressure drives an insulator-to-metal transition [37]. In general, transition metal
oxyhydrides allow for interesting magnetic and electronic properties to occur because
they may allow access to unusually low oxidation states of the transition metals. Such
materials include, for example, the recently discovered 4d transition metal oxyhydrides
LaSrsNiRuO4Hy and LaSrCog sRhg 503H [158, 159] and LaSrMnO3 3Hg 7 [160] that
can be stabilized by high pressure methods.
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3.2 Hydride-ion dynamics

3.2.1 Hydride-ion diffusion in perovskite oxyhydrides

The initial study of hydride-ion dynamics in transition metal oxyhydrides was reported
in 2006 by Bridges et al. [43] by QENS. They observed quasielastic scattering of
LaSrCoO3Hg 7 for temperatures above 675 K, which is close to the decomposition
temperature of the sample material. Analysis of the momentum transfer dependence of
the QENS linewidth showed that the diffusion mechanism could be interpreted in terms
of vacancy-assisted hydride-ion jump diffusion mechanism, restricted to jumps along
the a-axis in the crystal structure. The hydride-ion diffusion was only observed for
temperatures near or above the sample decomposition temperature and in conjunction
with hydrogen loss, whereas below 675 K, no hydride-ion diffusion was observed
on the probed timescales [43]. Later on, the mobility of the hydride-ions was once
more demonstrated, for the case of the perovskite oxyhydride BaTiO3_,H,. Gaseous
exchange experiments of BaTiO3_,H, demonstrated the exchange of hydride ions in
the material by deuterium (D) and N in the presence of Dy and Ny gas, respectively,
above 400 °C [39, 161, 162]. This demonstrated that the hydride-ions are mobile
in BaTiO3_,H, at higher temperatures and thus raised questions about possible
hydride ion diffusion mechanisms. Following these works, the hydride-ion diffusion in
ATiO5_4Hx (A = Ba and Sr) has been studied with several different experimental
and computational techniques [44, 163-166]. Tang et al. [164] performed gaseous
hydrogen release/exchange experiments and first-principles simulations and reported
a hydride-ion diffusion mechanism that is highly dependent on the concentration of
hydride ions (), with the simultaneous diffusion of oxygen ions for low x, whereas for
x > 0.4 only the hydride ions move. The activation energy was found to significantly
decrease with increasing x until around x = 0.4, after which it was roughly constant.
The experimental activation energy, determined from analysis of the gaseous exchange
experiment, was, however, determined to be relatively high for both of these processes,
in the range of 2-3.85 eV [164]. They further reported the activation of about 1 eV
from DFT simulation for nearest neighbour jumps of a hydride ion to an oxygen
vacancy [164]. However, in another DFT study, a much lower activation energy of
about 0.28 eV was reported for the nearest neighbouring oxygen-vacancy mediated
hydride-ion diffusion [165]. The hydride-ion diffusion in SrTiO3_,H, was also studied
using isotope exchange and depth profiling methods combined with density functional
theory calculations by Liu et al. [166]. Their results showed the presence of a highly
correlated long-range transport of hydride-ions that is impeded by slow reorganization
of the oxygen sublattice. Interestingly, they could also calculate the correlation
factors for this correlated jump-diffusion process and thus relate their measured tracer
diffusion coefficient to the self-diffusion coefficient. This is illustrated in Figure 3.3,
which shows the measured self-diffusion coefficient and calculated correlation factors
of hydride ion diffusion in SrTiO3_,H, thin films by Liu et al. [166]. The hydride-ion
dynamics in BaTiO3_,H, samples characterized by a relatively large concentration
of oxygen vacancies was further studied using QENS by Eklsf-Osterberg et al. [44].
The QENS data showed the presence of a highly temperature-dependent diffusion
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Figure 3.3: Temperature dependencies of (A) the calculated correlation factors and
(B) self-diffusion coeflicients for hydride ion diffusion in thin films of SrTiO3_,H,
from Liu et al. [166]. Reprinted with permission by the American Chemical Society
from "Highly Correlated Hydride Ion Tracer Diffusion in SrTiOs_,H, Oxyhydrides”,
Journal of the American Chemical Society 141 4653 (2019), Liu et al. [166]. Copyright
(2019) American Chemical Society.

mechanism, characterized by jump-diffusion to nearest neighbouring oxygen vacancies
at low temperature (7' < 250 K) and with the presence of hydride-ion jumps between
next-nearest neighbouring oxygen vacancies at higher temperatures (7' >400 K). The
observed diffusional dynamics were also characterized by a relatively low apparent
activation energy on the order of 0.1 eV [44].

3.2.2 Hydride-ion diffusion oxyhydrides with other crystal
structures

The recent study by Kobayashi et al. [40], which demonstrated pure hydride-ion
conductivity in Lag_z_ySryqyLiH1_54,03_y, using a solid-state battery built from
the oxyhydride, have created further excitement with the aim of developing new
solid-state ionics applications based on H™ conduction using oxyhydride materials
[167]. Figure 3.4 shows the solid-state battery built from Ti/LasLiHO3/TiHsy by
Kobayashi et al. [40]. LagLiHO3 functions as the electrolyte, and the Ti and TiHy as
electrodes. Upon discharge, they observed, using XRD, the formation of titanium
hydride at the Ti anode and the release of H at the TiHs cathode to form «-Ti. This
experiment thus demonstrated the hydride ion conduction in LasLiHOg3. Takeiri et
al. [168] recently reported a similar material, in terms of a new Ruddlesden-Popper
phase oxyhydride Baj 75LiH3 709, with a relatively large amount of hydride-ion
vacancies which were found to be ordered at room temperature. Interestingly, they
observed a phase transition at higher temperatures (7" > 588 K), where the ordering of
vacancies is lost. This high-temperature phase was found to be featured by a significant
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Figure 3.4: (a) Discharge curve for a solid-state battery based on the oxyhydride
Lag_g_ySryqyLiH _51,03_, as a solid electrolyte. (b) XRD patterns of the elec-
trolyte, cathode, and anode materials. From "Pure H™ conduction in oxyhydrides”,
Science 351 1314-1317 (2016), Kobayashi et al., DOI: (10.1126/science.aac9185) [40].
Reprinted with permission from The American Association for the Advancement of
Science (AAAS). Copyright (2016) AAAS.

hydride-ion conductivity, which was observed using both conductivity measurements
and QENS [168]. Those results thus showcase the importance of structure, and in
particular, the presence of vacancies and disorder to promote hydride ion diffusion.
However, the hydride-ion diffusion mechanisms in oxyhydrides are far from being fully
understood. The development of new oxyhydride materials with superior properties
is highly dependent on elucidating the mechanism of hydride-ion conductivity further.
In particular, it is important to understand the mechanistic details of the diffusion
process in terms of timescales, geometry, activation energies, and how this depends
on the hydride ion and anion vacancy concentration in the materials. A primary
tool for gaining insights into the diffusion mechanism at the atomic scale is neutron
scattering, which will be described in the following chapter.
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Chapter 4

Methods

4.1 Neutron scattering

4.1.1 General characteristics of neutron scattering

IThis section gives a brief overview of neutron scattering as an experimental technique
used in the condensed matter sciences and follows mainly the references [169-171].
The scattering of cold and thermal neutrons? is an important experimental tool
with applications over a wide range of science including physics, chemistry, materials
science, and biology. Using neutrons as a probe of materials has several advantages,
which derive directly from the fundamental properties of neutrons [169]. Neutrons
have no electric charge and thus interact directly with the nuclei of the sample material
via nuclear interactions. Typically, this means that the neutron can penetrate deep
into the sample, ensuring that bulk properties are being probed. In addition, the
nuclear interaction varies randomly over the periodic table and also allows for isotope
contrast. Of specific concern to this thesis, hydrogen has a very large scattering
cross section by neutrons, whilst it is virtually invisible to X-rays. In addition, the
de-Broglie wavelength of thermal neutrons is of the order of interatomic spacings in
solids. Consequently, neutron diffraction measurements can be performed to obtain
information about the atomic structure of materials [169]. Lastly, the energies of
thermal and cold neutrons are on the order of 1 — 100 meV, which is of the same order
as the energies of many excitations in solids, such as phonons, magnons (and other
magnetic excitations), and crystal field excitations. The measurements of inelastically
scattered neutrons thus allow probing also the dynamics of atoms in materials. Lastly,

IThis chapter is partly based on my Licentiate thesis.

2Thermal neutrons refer to neutrons with energies around 10 — 100 meV, which is similar to
the thermal energy at room temperature (kg 7' &~ 25 meV). Cold neutrons refer to neutrons having
energies lower than this, around 0.1 — 10 meV. The term temperature is used because the neutrons
produced in a reactor or spallation neutron source are moderated in a medium with a certain
temperature. The energy distribution of the moderated neutrons will then be a Maxwell-Boltzmann
distribution with a maximum at 3kg7/2 with T being the moderator temperature [171].
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the neutron has a magnetic moment, making it also sensitive to magnetism [169].

4.1.2 Theoretical description of the scattering process

The measured quantity in a neutron scattering experiment is related to the differential
cross section d?c /dQd E¢, which is proportional to the number of neutrons scattered
per time unit into a small solid angle dQ? and with final energy between E; and
E; 4+ dE;. This scattering process is illustrated in Figure 4.1 (a).

For a theoretical understanding of the scattering process, consider a neutron
characterized by a plane wave with initial wavevector k; and energy E; = h%k?/2m
incident on a sample, which is scattered via the nuclear interaction with the sample
into another state with a final wavevector ky and energy Ey = hgk? /2m. m is here
the neutron mass and & is the reduced Planck constant. The scattering data is
typically expressed in terms of the wavevector transfer® q and the energy transfer FE,
defined as, q = k; — ky, and £ = F; — Ey. From this, one sees that q and F are not
independent variables because the neutron energy depends on its wavevector. The
magnitude of the wavevector transfer ¢ = |q|, can be expressed as

2
¢ = ki — k> = k2 + k2 — 2k, ky cosf = h—? (E B, — 2\/EiEfc030> . (41)

where 6 is the angle between the incident and final neutron wavevectors [see Figure
4.1 (a)]. From this equation, it is clear that the (g, E) region that can be probed in
an experiment is limited and that it depends on the incident neutron energy and the
largest scattering angle 6 that can be measured. In particular, this will lead to a
curved region in (g, F)-space being measured in an experiment. This is illustrated in
Figure 4.1 (b), which shows the INS data collected from a powder sample of MAPDI;.
Note that the probed region in (g, F) space is not a rectangle but curved. The energy
and momentum transfers are given by E = hw and p = hq, respectively, where w is
the angular frequency. Thus, w or hw is often used interchangeably with F, and this
will be done for the rest of this thesis.

The interaction between the nuclei in the scattering system and the neutron is of
short-range, several orders of magnitude shorter than the neutron wavelength. The
neutron-nucleus interaction can be approximated by the so-called Fermi pseudopoten-
tial [169]

271h?
m

V(r) = > bid(r —Ry),

J
where b; is the so-called neutron scattering length of nucleus j and R, is the position
vector of nucleus j. The neutron-nucleus interaction is therefore characterized by a
single parameter, the scattering length b. b varies randomly with the atomic mass
number and depends on the spin state of the neutron-nucleus system. The integrated

3The momentum transfer is Aq; thus, ¢ is commonly also referred to as the momentum transfer.
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Figure 4.1: (a) Illustration of the scattering geometry in a neutron scattering

experiment in real space. Adapted from [169, 172]. (b) INS data of a powder sample

of MAPbDI3 at 2 K. The data were measured on the IN5 spectrometer at the Institut

Laue-Langevin using an incident neutron wavelength of 1.7 A.

total cross-section of such a potential is oot = 47b?, which can be interpreted as an
"effective area” of the nuclei which the neutron ”"sees”. An expression for the double
differential cross section d?c/dQdE; can be written as [169)

e kp 1 > . :
TE % 5 [t e (cia- Ryt = 0)exp Gia- Ry (1)

x exp (—iEt/h), (4.2)

where R;(t) is the time-dependent position operator of nuclei j in the Heisenberg
picture, and the brackets (...) refer to the thermal average®. Note that b; is here the
scattering length of nuclei j, which may vary randomly from one nucleus to another
because of different nuclear spin states and/or the presence of isotopes. By letting f;
be the relative frequency of the value b;, the average value of the scattering length can
be written as b = >, fibi. Assuming no correlation between the scattering lengths of
different nuclei, one may write [169]

)2, i # J, (4.3)
= (4.4)
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By taking the average of the different possible distributions of b; values in Eq. (4.2), it
can conventionally be rewritten in terms of coherent and incoherent neutron scattering

4For an operator A the thermal average is given by (A) = ZApA (AA]A), where

exp(—E/\/kBT)
> exp(—Ex/kpT)

is the probability that the scattering system is in the state A [169].

Px =
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as

d’c d’o d’c
- (Lo ) (4.5)
dQdE; dQdE: /., dQdE: /.

where the coherent and incoherent parts are respectively given by the expressions
[169]:

2 [e%s)
(gm) =2 [t (cia- Ryl = o) exp ia- Ry(0)
coh ., J —00

m A7 k; 2mwh 7
x exp (—iEt/h), and (4.6)
(d") = bt LS [ dtespl-ia- R0 = 0) exlia - Ry (1)
AQdE; ), A ki 2nh 2 )
x exp (—iEt/h) . (4.7)

Here, ocon = 47m(b)? and oy, = 47(b2 — (b)?) are the so-called coherent and incoherent
cross sections, respectively. It can be seen that the coherent scattering depends on the
correlation of the same and different nuclei at different times. The coherent scattering
thus contains interference effects of the scattered neutrons (including diffraction). The
incoherent scattering, on the other hand, depends only on the correlations of the same
nuclei at different times and does not, therefore, contain any interference effects. The
incoherent scattering arises due to the random deviations of the scattering lengths
from their mean value for each type of nucleus in the sample [169]. It should be
noted that even for the incoherent neutron scattering, there is always a coherent
superposition of the outgoing neutron waves — it is only the averaging process that
leads to a cancellation of the phase factors [171]. Thus, the coherent scattering is the
scattering which the same system would give if all scattering lengths were given by the
mean value b, whilst the incoherent scattering is the term one must add to obtain the
scattering from the actual system [169]. This separation of the scattering cross section
into a coherent and an incoherent part is especially useful for samples containing H
because the incoherent cross section of H is 80.26 barn whilst the coherent part is
only 1.75 barn [171].> Thus, neutron scattering by hydrogen is largely dominated by
the self-terms, and the measured inelastic scattering signal can, in most cases, be
interpreted in terms of self-dynamics. For neutron diffraction experiments, however,
samples containing H can sometimes be problematic because the incoherent scattering
gives a large background to the diffraction data. Thus, it is common in diffraction
experiments to replace H with deuterium (D) because D possesses the twin advantage
of having a much smaller oy, and a larger o..,. However, for QENS studies, where
one probes dynamics and which is of specific concern in this thesis, it is beneficial
to have a large incoherent cross-section of the probed atomic species. It should be
pointed out that even though this separation of coherent and incoherent terms is
useful for many isotopes where one of these terms is considerably larger than the

51 barn = 1 x 1024 cm?.
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other, it may still be complicated to interpret for isotopes where the incoherent and
coherent cross-sections are similar. That is one probe the sum of the coherent and
incoherent scattering, where the coherent contains both self and cross terms, whilst
the incoherent contains the self terms only [171].

The double differential cross section can conveniently be written as

d’c kg

dQdE;  4Ank;

[Ucoh‘s’coh(qa E) + UincSinc(Ch E)] ) (48)

where Seon(q, F) and Sin.(q, F) are the coherent and incoherent dynamical structure
factors, respectively. As it turns out, the dynamical structure factors are very useful
quantities and are what are normally analyzed in neutron scattering experiments.
Further, the incoherent and coherent dynamical structure factors are the Fourier
transforms in space and time of the self and pair correlation functions Gy(r,t) and
G(r,t), respectively [173]. Consequently, the coherent and incoherent scattering gives
information about correlations between different nuclei at different times and on
self-correlations, respectively.

4.2 Inelastic neutron scattering

Inelastic scattering refers to events where the neutron exchanges energy with the
probed material. The neutron can both create and annihilate excitations with energy
E, leading to neutron energy loss and gain, respectively®. Clearly, the scattering
by the annihilation of excitations is heavily dependent on their population, i.e. on
temperature. The neutrons can scatter by phonons through nuclear interaction or by
magnetic excitations via magnetic interactions. In this thesis, only nuclear scattering
will be considered. Further, neutrons can interact with particles performing stochastic
motions (diffusion or rotation), leading to so-called quasielastic scattering, as will
be discussed in detail in section 4.3. A schematic sketch of the elastic, quasielastic,
and inelastic scattering components, as can be measured in a neutron scattering
experiment, is illustrated in Figure 4.2. The inelastic peaks occur at non-zero energy
transfer values, and in the case of phonon scattering, they occur at energy transfer
values corresponding to the energy of the vibrational motion. Thus INS can be used
to study the vibrational dynamics of materials. A particular advantage of INS over
the commonly applied Raman and infrared (IR) spectroscopies is that no optical
selection rules apply; thus, in principle, all modes are measurable [174] (though their
intensity depends on the neutron scattering cross section). In addition, neutron
scattering allows measurements of a wide range of wavevectors and can give access
to the (neutron cross-section-weighted) vibrational density of states. Below, I will
discuss the neutron scattering of phonons (vibrational motions) in more detail.

6This is commonly referred to as Stokes and anti-Stokes scattering, respectively.
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Figure 4.2: Schematic sketch of the elastic, quasielastic, and inelastic scattering
components in a neutron scattering experiment. The dashed red and solid blue lines
indicate measurements at high and low temperatures, respectively. The quasielastic
scattering refers to the broadening of the elastic peak, which occurs at £ = 0.
The inelastic peaks occur at non-zero energy transfer values. The intensities of the
inelastic peak at the neutron energy gain side depend heavily on temperature. At
low temperatures, only inelastic scattering on the neutron energy loss side can be
observed because there is no thermal population of the excitations.

4.2.1 Phonon scattering

In this thesis, most studied materials contain a relatively large amount of H. Because
of the large incoherent cross section of H, the coherent scattering can then be neglected,
i.e. S(q, F) = Sinc(q, E). For incoherent scattering by one phonon, it can be shown
that the expression for the double differential cross section can be written in terms of
the phonon density of states g(w) as [175]

Eo N\ gl 1k i 29() hw
_do _ e L Ky ow(g 29(@) fw
(deﬂ)inc A 12M ki ¢ Ty [“’th <2kBT) * 1} (49

where M is the mass of the vibrating atom, w = E//k, and e 2W (@) is the so-called
Debye-Waller factor. The factor coth(hw/2kpT) £ 1 stands for the Bose-Einstein
population factor for phonon creation and annihilation, respectively. Thus, for a
given ¢, all modes whose energy satisfies iw = E contribute to the scattering. The
1-phonon incoherent scattering is thus proportional to the phonon density of states
and can be used to derive a so-called generalized density of states (GDOS) from the
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Figure 4.3: GDOS of a powder sample of MAPDbI3 at T'= 100 K, as extracted from
neutron time-of-flight data obtained at IN5 at the ILL.

experiment. The GDOS, G(w), is a weighted sum and can be written as [175]

(@)
N Tine 1 —owio)
Glw) = Z TP A: gi(w), (4.10)
where the index ¢ refers to the properties of atom i in the unit cell, and the sum runs
over all atoms in the unit cell. The difference between the GDOS and the real phonon
density of states is that the different atomic contributions in the GDOS are weighted
by o;/m; where o; and M; are the scattering cross section and mass, respectively,
of atom ¢ [176]. The GDOS also contains the contribution from the Debye-Waller
factors, which generally are not known but can, in principle, be calculated according
to [176]

b [ gilw)

Wi(q) 2n(w) + 1]dw. (4.11)

Figure 4.3 shows the GDOS extracted from inelastic neutron scattering of a powder
sample of MAPbI3 at T'= 100 K. Note that because of the large incoherent scattering
cross section of H, and the low mass of the MA organic cation compared to Pb and I,
the GDOS will be dominated by vibrations related to the organic cation. The GDOS

is featured by several sharp peaks corresponding to the molecular librations of the
MA organic cation in MAPbI3 [50, 53].

For coherent scattering, there is, in addition, an interference condition on the
neutron wavevector (momentum conservation). The coherent one-phonon cross
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section is given by [169]

2

dio \T ks > ! > ba (—Wa) exp(iq - d)(q - eqs)
— — xp(— xp(iq - - egs
AQdE; Xk L, | £ yar TP SR

coh

X[(ns+1)d(w—ws)d(q—k—7)+ (ns) d(w+ws)d(q+k—7)], (4.12)

where ey, is the phonon polarization vector, k the phonon wavevector, 7 a reciprocal
lattice vector, ns; denotes the Bose-Einstein thermal population factor, and the index
d runs over all atoms in the unit cell with position vector d. The term with (ns + 1)
and (ns) describes a phonon creation and annihilation process, respectively. An
example of coherent phonon scattering is shown in Figure 4.4, which shows the
S(g,w) measured on a powder sample of CsPbBrs. CsPbBrs is almost a purely
coherent scatterer, which is reflected in the experimental data, which shows a complex
g-dependence of the inelastic scattering. Shown in Figure 4.4 is also the simulated
powder averaged S(g,w) based on phonon scattering. This was calculated based on
the phonon eigenvectors and frequencies from harmonic phonon calculations taken
from the Phonon database at Kyoto University [177]. S(q,w) was simulated using the
OCLIMAX code [178], taking into account both coherent and incoherent scattering,
which then can reproduce the experimental data relatively well.

) Simulated CsPbBr, Pnma 300 K Experimental CsPbBr, Pnma 300 K

ot L1 U

‘R
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Figure 4.4: (Left panel) Simulated S(¢,w) from harmonic phonons of CsPbBrs
in the orthorhombic phase (space group Pnma). The phonon calculations were
obtained from the Phonon database at Kyoto University [177], and S(q, E) (both
coherent and incoherent parts) was simulated from the phonon eigenvectors and
eigenfrequencies using Oclimax [178]. (Right panel) Experimental S(g,w) at T' = 300
K of a powder sample of CsPbBr3s measured on FOCUS at the PSI using an incident
neutron wavelength of 4 A.
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4.2.2 Modelling functions and phonon damping

Phonon scattering is typically described as a damped harmonic oscillator (DHO)
model [179]
[n(E) +1J4ET; /m

S(q. E
(@ B) < 15— 53+ apere’

(4.13)

where n(E) is the Bose-Einstein population factor, IT'; is the damping factor, and
w; is the phonon frequency. This describes a phonon with a lifetime given by the
inverse of the damping factor 7, = A/I’;. For overdamped modes, one has that the
damping factor is larger than the phonon frequency (w; < I';) [180]. Physically, this
means that the phonon will decay before it has completed one oscillation period, and
the dynamics can thus no longer be described as a vibration but rather a relaxation.
In that case, the spectral function becomes almost indistinguishable from a single
Lorentzian centred around zero energy transfer

2
S(q, F) x TR (4.14)

This spectral function describes relaxational dynamics with a relaxational time
7 = h/7. The transition from phonon modes to relaxational dynamics is shown in
Figure 4.5, which shows the calculated response function of a DHO for various values
of the damping factor. For the overdamped harmonic oscillator, the linewidth of the
Lorentzian will decrease as the damping factor increases (the other way, as for the
underdamped case).

4.2.3 Vibrational spectroscopy

In chemistry and related fields, INS is commonly used as vibrational spectroscopy,
similar to the more standard techniques of Raman and infrared (IR) spectroscopy.
The main advantage of INS is that there are no optical selection rules, and thus all
modes are, in theory, possible to measure. However, one may note that their relative
intensity depends strongly on the neutron scattering cross-section. This is illustrated
in Figure 4.6, which compares, as an example, the vibrational spectra of MAPbI3
and FAPDbI3 measured using INS and IR spectroscopy. As can be seen, there are
more modes observed in the INS spectra as compared to the IR spectra. However,
one should note that these INS measurements, which were done on the TOSCA
spectrometer, are not very sensitive to the higher energy transfer values. TOSCA is
designed to measure a broad range of energy transfer values and does so by measuring
at specific fixed scattering angles. This leads to that one measure on a line in (g, E)
space, and generally, no information on the g-dependence can be obtained. However,
higher energy transfer values are measured at higher ¢ and will have a heavily reduced
intensity of the Debye-Waller factor contribution. For molecular vibrations, the modes
are mostly localized in nature (no phonon dispersion), and thus there is commonly
no interesting g-dependence of the scattering signal.
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Figure 4.5: The DHO response function plotted for various damping factors, show-
casing the transition from underdamped to overdamped phonons. It is plotted with
w; = 10. Note that F = fw and F and w are used interchangeably herein.

4.3 Quasielastic neutron scattering

Quasielastic neutron scattering (QENS) refers to the broadening of the elastic line
which occurs due to interactions between the neutrons and atoms in the sample
performing translational and/or reorientational diffusional dynamics on the timescale
h/AE, where AF is the energy broadening [171, 181]. As it turns out, QENS is
most easily understood in terms of correlation functions in space and time, and this
description is originally due to Van-Hove [173]. In this thesis, most studied materials
contain H, and because of the large incoherent cross-section of H, the quasielastic
coherent scattering can be safely neglected. Thus, only the incoherent quasielastic
scattering is considered in what follows. As seen above, the incoherent neutron
scattering is determined by the incoherent dynamical structure factor Si.(q, F),
which is the Fourier transform in both space and time of the self-correlation function
Gy(r,t). [Gs(r,t)d>r] gives the probability that given a particle at the origin at
t = 0, the same particle is in the volume d>r at position r and at time ¢ [171]. The
Fourier transform in space of Gg(r,t) yields the self-part of the so-called intermediate
scattering function I4(q,t), and the Fourier transform of I;(q,t) in time yields the
dynamical structure factor Si,.(q, £) which is what is commonly” obtained in an
(incoherent) QENS experiment.

7In neutron spin-echo spectroscopy, one measures the intermediate scattering function I(q,t),
rather than S(q, E).
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Figure 4.6: INS spectra (measured at 10 K using the TOSCA instrument) [50] and
IR absorbance spectra measured at room temperature for MAPbI3 and FAPbI3. The
spectra have been vertically separated for clarity.

A useful characteristic of QENS is that it is possible to separate the cases of
long-range (translational) and localized (restricted) diffusion. For localized diffusion,
there is a finite probability that the particle will be at the original position at ¢ — co.
This means that I;(q,t) will have a non-zero value at ¢ — oo. In turn, after a Fourier
transform in time, this leads to a separate elastic component for Siy.(q, E). The
typical behaviour for Si,.(q, E) and I(g,t) for localized and long-range diffusional
motions is schematically illustrated in Figure 4.7. These two cases will be discussed
separately in what follows.

4.3.1 Long-range translational diffusion

In the macroscopic limit (large distances, corresponding to small g-values in reciprocal
space), the self-correlation function obeys the standard diffusion equation 9;G4(r,t) =
DV2G,(r,t), with the initial condition G(r,t = 0) = §(r) and where D is the (self)
diffusion coefficient [171]. The solution to this equation can be written as [171]

Gs(r,t) = exp(—r?/4D|t|).

1
(4x D [1)*/?

The Fourier transform of this function yields the following I;(q,t) and Sinc(q, F):

I.(q,t) = exp(—¢*Dt|) (4.15)
1 hD¢?
Sinc(q, E) = D@7 T B (4.16)

Thus, Sine(q, E) is a single Lorentzian function with linewidth (HWHM) hDg?. This
law is generally true for small ¢, but for larger ¢ the details of the diffusion mechanism
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Figure 4.7: Schematic illustrations of the Si,.(q, F) and I5(g,t) for long-range and
localized (restricted) diffusion. The Sinc(g, E) and Is(g,t) are related by a Fourier
transform (FT).

become important. In particular, for jump diffusion in solids, the linewidth at higher
¢ must mimic the jump rate, as will be explained below.

A common model for diffusion on a lattice is the Chudley-Elliot model, which
considers jump diffusion in a Bravais lattice where the particle stays a mean residence
time 7 on a site before an instantaneous jump to a nearest neighbouring site. The
results for I5(g,t) and Sinc(q, E) are the following [171, 182]

N
Is(q,t) = exp NS Ej (1—e7%) (4.17)
1 y(a)
Sinc 5 = - 5 4.18
and the linewidth (HWHM) ~(q) is in this case given by
BN
_ —i -e]‘
~v(q) = s jil [1 —e 4 ] , (4.19)

where the sum runs over all nearest neighbour sites with position vectors ¢; with N
being the number of nearest neighbours. For small ¢, Eq. (4.19) gives the macroscopic
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4.3. Quasielastic neutron scattering

limit v — ADqg?. Whilst for larger ¢, v approaches the jump rate, v — /7. For
studies of polycrystalline samples, no information of the direction of q can be obtained,
and it is then common to approximate the powder averaged scattering signal by using
an isotropic average over all directions of v(q). The jump length is then assumed
identical for all sites and thus becomes an "effective” quantity d. The isotropically
averaged linewidth then becomes [171, 182]

hH—m@@L (4.20)

v(q) = T

where jo(z) = sin(x)/z is the zeroth-order spherical Bessel function. Still, it should
be noted that this is only approximately correct and, in principle, the powder average
should be performed over the whole Sinc(q, E) [171].

4.3.2 Localized diffusion

Localized diffusion can also be studied using QENS. This can, for example, be localized
rotational /reorientational motions of molecules or molecular groups in solid phases, as
is studied in Papers I and V of this thesis. For localized (or restricted) diffusion, there
is a finite probability that the particle is present at the original position when ¢t — co.
This means that I5(q,t) will not decay to zero, but to a finite value, for t — co. After
the Fourier transform, this yields an intrinsic elastic component in Si,(g, E), see
Figure 4.7. The relative intensity of this elastic component is commonly referred to
as the elastic incoherent structure factor (EISF), and the ¢g-dependence of the EISF
can be used to gain information on the spatial geometry of the localized dynamics.
The EISF is the limit of I,(q,t) as t — oo and can be calculated as [171]

N 2
Z eiq-rj
j=1

EISF — % (4.21)

where r; j = 1,... N is the sites the particle can visit. Consequently, the EISF for
jump rotation over any arrangement of discrete sites can be calculated [171, 181]. For
powder samples, the results obtained from Eq. (4.21) have to be spatially averaged
over all directions.

Experimentally, the EISF can be estimated by determining the ratio of elastic to
elastic plus quasielastic scattering intensity i.e.

Iel

EISF = —<
Iel + Iqe

where I and g is the elastic and quasielastic scattering intensity, respectively. A
common "model-free” approach for determining the geometry of localized motions by
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Figure 4.8: EISF of MAPbI3 at 150 K and 250 K from QENS data obtained on the

ING6 spectrometer at the ILL. The Figure is reprinted with permission from Paper I
[102].

QENS is thus to fit the QENS data to a model function of the following form

S(q, B) o ZI(Z E;vi)| @ R(q, E)
+ bkg(q, E), (4.22)

where the Dirac delta function (§(F)) describes the elastic scattering with intensity
I and where one or several Lorentzian functions £(F;~;) with linewidth (HWHM)

7: describes the quasielastic scattering, with total intensity Iqe =, I(gé . bkg(q, E)
is a background function that usually is described as a linear function of energy. The
elastic and quasielastic parts are convoluted by the function R(q, F'), which describes
the instrument resolution function. The fraction of elastic scattering can then be
derived as a function of ¢, which can then be compared to different jump-diffusion
models describing localized diffusion. An example of this approach is shown in Figure
4.8, which shows the EISF of MAPDbI; extracted from QENS fitting at 150 K and
250 K. The data is compared to two different models. The C3 model describes the
three-fold rotation of the methyl and ammonia groups around the C—N axis. The
C5 ® Cy describes a combined Cj5 rotation of the methyl/ammonia groups and a
four-fold rotation of the whole MA molecule, as was described by Chen et al. [27].
As can be seen, the data in the orthorhombic phase at 150 K is in good agreement
with the C5 model. The data at 250 K, however, is manifested by a larger portion of
quasielastic scattering (smaller EISF values) than what the C3 model predicts and is
in good agreement with the Cs ® Cy model (see Paper I for details) [102].
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Experimental considerations

5.1 Neutron time-of-flight spectroscopy

A common technique for inelastic neutron scattering is neutron time-of-flight spec-
troscopy. As examples, both IN5 and IN6 at the Institut Laue-Langevin (ILL) located
in Grenoble, France, which were used in this thesis, are time-of-flight (TOF) spectrom-
eters. The basic idea in TOF spectroscopy is that the neutron energy is measured by
measuring the time it takes for the neutron to cover a well-defined distance. If the
time and distance are known, the neutron velocity can be determined, and from the
neutron velocity, one can calculate the corresponding energy. There are two types
of TOF spectrometers, called direct geometry spectrometers and indirect geometry
spectrometers. In a direct geometry spectrometer, the incident energy is fixed, whilst,
for an indirect geometry spectrometer, the final neutron energy is fixed. For simplicity,
a direct geometry spectrometer is only considered here, which is the most simple
technical setup to understand.

In a direct geometry spectrometer, the beam has first to be monochromatized and
pulsed (in order to set the incident ’time’ of the neutrons). This can be done in
several ways. For example, on the TOF spectrometer IN6 at the ILL, diffraction of
a well-known single-crystal is used for monochromatizing the beam, which is then
pulsed by using a series of rotating disks called choppers. The choppers are made
from a neutron-absorbing material with transparent slits that allow the creation of
a pulsed beam. Another method is used on the TOF spectrometer IN5 at the ILL,
where the beam is both monochromatized and pulsed using disk choppers. After the
beam has been pulsed and monochromatized, the time it takes for the neutron to
reach the detector can then be used to measure its energy. The wavevector of the
scattered neutron is measured by having detectors at different positions, which are
translated into various scattering angles. An illustration of the TOF spectrometer

1This chapter is partly based on my Licentiate thesis.
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Figure 5.1: Schematic sketch of the direct-geometry time-of-flight spectrometer IN5
at the ILL, Grenoble, France. The figure was adapted from [183], courtesy of the
Institut Laue-Langevin.

IN5, which can be considered a prototypical direct-geometry TOF spectrometer, is
shown in Figure 5.1

The recorded raw data in a TOF experiment, N (20, TOF), thus contains the
number of counted neutrons as a function of their TOF and scattering angle 26
(Figure 5.2). It is, therefore, necessary to reduce the raw data and apply different
corrections in order to obtain the wanted dynamical structure factor S(q, E), which,
ideally, is method-independent i.e. only contains information of the studied material.
In this thesis, the data reduction performed for neutron TOF experiments was done
in the following steps. Since the number of counts depends on the measurement time,
it was normalized to the monitor count. The neutron monitor is placed before the
sample and is essentially a neutron detector with low efficiency, so most neutrons
pass through it. The variation in the efficiency of the detectors was accounted for
by normalizing to measurements of a vanadium sample. Vanadium scatters almost
purely incoherently, o¢on &~ 0.0184 barn and oj,. &~ 5.08 barn, and the scattering of V
is thus roughly isotropic. This normalization is done by integrating the vanadium
measurement over time-of-flight channels around the elastic peak and then dividing
by this for each detector, i.e.

N (20, TOF)
dTOF NVanadium(20a TOF) .

N (26, TOF) —

felastic peak

Measurements on an empty sample cell should be subtracted in order to remove
the scattering from the sample holder and cryostat and possibly from other parts of
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Figure 5.2: Raw time-of-flight data from IN5 measured with an incident neutron
wavelength of 5 A, of MAPbI3 and the empty sample cell (EC) at T' = 100 K showing
the scattering data as a function of scattering angle and time-of-flight channel (time).
The right panel shows the time-of-flight spectra for 260 = 115°.

the instrument. The empty cell measurements also need before this subtraction to
be normalized to monitor count and a vanadium standard. The neutron detector’s
efficiency also depends on the neutron energy and corrections for this need to be
applied to the data. For the cases of IN6 and IN5, special empirical relations can be
used that are implemented in the data analysis software LAMP [184] can be used to do
this. The result is then related to the double differential cross section d?c/dQ2dTOF
(number of neutrons per time scattered into the solid angle d©2 and with time-of-flight
in the range dTOF + TOF ). This is still measured as a function of the time-of-flight
and scattering angle and needs to be converted to the (¢, F) domain. The wave vector
transfer ¢ is related to the scattering angle and energy transfer according to

2m
¢ = ki =g |? = k? + K} — 2 ki by cost = 3 (Bi+ By —2(/EiBy cost) . (5.1)

Hence, g depends on both the scattering angle and the energy transfer non-linearly.
Therefore one scattering angle does not correspond to one g, but it changes with
energy transfer. The TOF instrument thus probes a curved region of the (¢, E') space.
Figure 5.3 shows an illustration of the data reduction steps in TOF spectroscopy.
Note that once converted to the (¢, E) domain, the probed domain is curved. The
maximum energy loss is roughly 2 meV in this case of 5 A incident wavelength
neutrons and is determined by the incident neutron energy (the neutron cannot lose
more energy than it has). In experiments, it is, however, lower than the incident
neutron energy because otherwise, the slowest neutrons (those that lose much energy
in the scattering process) will overlap with the fastest neutrons in the next neutron
pulse. The maximum energy gain is, in principle, unlimited. However, it is, in the
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Figure 5.3: Illustration of some data reduction steps for conversion from the raw
neutron TOF data to the measured dynamical structure factor S(g, E), the GDOS, or
the dynamic susceptibility x” (¢, E) which is related to the dynamical structure factor
by a correction for the Bose population i.e. S(q, E) = (1/7)[1 +n(E)]x"(q, E), where
n(E) = [exp(E/kyT) — 1]~* denotes the Bose-Einstein population factor. The plot of
X" (q, E) shows the absolute value of x”(q, E'), which otherwise is an odd function of
energy. The TOF data was taken on a powder sample of MAPbI3 at 100 K using an
incident neutron wavelength of 5 A on IN5 at the ILL. Note that the conversion to
the GDOS involves averaging over a certain g-range

same way, limited by the time between neutron pulses so that the fastest neutrons do
not overlap with the slowest neutrons in the previous pulse; in Figure 5.3, it is only
shown up to —50 meV after conversion to S(gq, E). After this treatment, the measured
dynamical structure factor S(q, F) is convoluted with the instrumental resolution
function R(q, E). For the purpose of QENS analysis, the instrumental resolution
function is usually determined by measurements of the sample at a low temperature (2
K) where all dynamics are assumed to be frozen-in (no quasielastic scattering), or by
measurements of a vanadium sample which does not exhibit any quasielastic scattering.
Further corrections of the data might include multiple scattering corrections and
corrections for absorption and self-shielding of the sample.
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5.2 Neutron backscattering spectroscopy

Neutron backscattering spectroscopy is a technique which is featured by an extremely
high resolution of the energy transfer, normally better or around 1 peV. The
backscattering technique is based on the fact that for Bragg scattering angles close to
90°, the uncertainty in the Bragg scattered wavelength A\ becomes very small. This
can be seen by differentiating Bragg’s law A = 2d sin 6:

AN Ad

—_— = A 2
3 ] + cot § AG, (5.2)

where A6 is the uncertainty in angle, i.e. the divergence of the beam. Ad/d is the
relative uncertainty in lattice spacing and is mainly related to the quality of the
crystal. For § = 90° the second term in Eq. (5.2) vanishes, meaning that AX/\ is
the smallest and is independent, to first order, of the divergence of the beam [185].
The backscattering technique thus uses a Bragg scattering angle close to 90° for the
selection and for the analysis of the energy of the neutrons in order to achieve the
highest possible resolution [185].

An illustration of the neutron backscattering spectrometer IN16B at the ILL, which
has been used in this thesis, is shown in Figure 5.4. The basic operation of this
instrument will be described below. First, the neutron velocity band is selected
in a velocity selector. The background chopper pulses the beam, which is then
deflected onto a Doppler monochromator. The Doppler monochromator consists of
high-quality silicon crystals mounted on a so-called Doppler drive, a device allowing
the monochromator to move forwards and backwards. 90° Bragg scattering from
monochromator crystals selects neutrons with a wavelength of 6.271 A for Si(111)
crystals or 3.275 A if using the Si(311) crystals [186, 187]. The selected neutron
wavelength is allowed to vary by varying the speed of the Doppler drive because
the energy of the Bragg scattered neutrons depends on the relative speed of the
neutrons and the Doppler drive through the Doppler shift. The Bragg scattered
neutrons travel back towards the sample position through slits in the rotating deflector.
During this time, the background chopper is closed, allowing it to significantly reduce
the background. This leads to a pulsed beam of neutrons, with an energy band
determined by the Doppler drive frequency. After the neutrons are scattered by
the sample, the backscattering condition at the analyzer crystals selects only those
neutrons with certain final energy fulfilling the Bragg condition, which then is counted
at the detectors [186, 187]. Thus, IN16b can be considered as an indirect geometry
spectrometer where the final energy is determined by Bragg scattering of the analyzer
crystal, whilst the incident energy is varied in a known way by the Doppler drive.

Depending on how the Doppler drive is set up, different measurement types are
possible. If the Doppler drive frequency is set to zero, only the elastically scattered
neutrons reach the detector. This mode can be used to measure the elastic intensity
as a function of temperature, which can provide information about the mean squared
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INTOB HF

Figure 5.4: Schematic sketch of the IN16B backscattering spectrometer at the ILL,
in its high flux configuration. The figure was taken from [187], courtesy of the Institut
Laue-Langevin.

displacement of the atoms in the studied material as a function of temperature
and qualitative information on relaxational dynamics in the sample (7.e. in which
temperature range the dynamics is accessible to the instrument timescales). This
measurement mode is usually called an elastic fixed window scan. On IN16B, by
setting the Doppler drive to follow a certain velocity profile, it is also possible to
perform inelastic fixed window scans, where the intensity is recorded at a fixed energy
transfer value which is non-zero [188]. For normal QENS measurements, the Doppler
drive is moved with a periodic velocity profile, which allows for obtaining an energy
spectrum. The maximum accessible energy transfer is typically in the range 10 — 100
peV and is determined by the maximum velocity of the Doppler drive.
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Results and discussion

6.1 Metal halide perovskites

This section summarizes and discusses the results on metal halide perovskites, which
are reported in Papers I — VL.

6.1.1 Organic cation dynamics in formamidinium lead iodide
perovskites (Paper I)

As described in the earlier sections, the rotational organic cation dynamics in MHPs
are relevant for their optoelectronic properties [10], and in particular, the organic
cation dynamics in FA-based systems are much less understood [66], compared to the
more well studied MAPDbI3 [27] and MAPDbBr3 [88]. To improve the understanding
of the organic cation dynamics in FAPDbI;, QENS was used in order to directly
probe the rotational dynamics of the FA cations on the ns—ps timescales in all three
crystallographic phases of perovskite FAPbI;.

Measurements on IN16B with the Si(311) analyzers, probing timescales in the range
~ 20 ps — 300 ps, were performed in order to probe the slow timescale dynamics in
the low-temperature tetragonal y-phase. Figure 6.1 shows the elastic and inelastic
fixed window scan (at 4 peV and 10 peV) (EFWs and IFWs) data measured upon
cooling the cubic perovskite phase of FAPbI3. The elastic scan reveals the onset of
organic cation dynamics above around 50 K, and the IFWs show broad peaks between
~ 75 — 150 K. The IFWs were fitted to the expression for the expected intensity at
an energy E for a single relaxational process following an Arrhenius behaviour of the
relaxation time 7,

(1)

HET) < g iy i

(6.1)
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where 7(T) = 1pexp(E,/kpT), and E, is the activation energy of the dynamics
[188]. The fits to the data give the temperature dependence of the corresponding
quasielastic Lorentzian linewidth (FWHM) v by 7(T) = 2h/~, which, however, does
not agree with the corresponding temperature dependence derived from the fitting
of the QENS lineshape. This suggests that the FA cation dynamics in the v phase
are most likely complex and are not well described by a single relaxational process.
This is in sharp contrast to the results for MAPbI3, where the agreement between the
IFWs and QENS lineshape fitting is much better; see Figure 6.1 (c-d). This supports
the current understanding that the organic cation dynamics in the low-temperature
orthorhombic phase of MAPDbI3 can be described by a single relaxational process
related to the 3-fold rotation of the methyl and ammonia groups around the C—N
axis [27]. The more complex dynamics observed for FAPbI3 is most likely due to the
disordered structure of the low-temperature y-phase, where the FA cation orientations
are believed to be disordered in an orientational glass [58, 66]. These disordered
orientations of the FA cations could likely give rise to a distribution of relaxational
times and activation energies, which could explain the broad peaks in the IFWs.

Faster timescale dynamics in the S— and a-phases of FAPbls were probed using
neutron time-of-flight spectroscopy on the IN5 instrument. Typical QENS spectra
in the f— (200 K) and a-phases (300 K), as measured using an incident neutron
wavelength of 5 A together with total fits to the spectra, using two Lorentzian
components to describe the QENS, are shown in Figure 6.2 (a). In the a-phase, there
is almost no elastic scattering at sufficiently high ¢, which indicates very fast FA
rotations and almost no preferred orientations in this phase. In order to assess the
spatial geometry of the dynamics in more detail, the EISF was analyzed. Figure 6.2
(b) shows the EISF of FAPDI3 as a function of temperature compared to different
feasible jump models describing localized FA rotations. In the cubic a-phase, the site
symmetry of FA is Oj. The most restricted dynamics to preserve this site symmetry
is related to 12 sites where the C—H bond of FA can point towards any of the six
cube faces and for each of these six orientations, there are two different orientations
of the N- - N axis [62]. Another possibility is that the FA cation performs nearly
isotropic rotations in the cubic phase, i.e. there are no preferred orientations of
the FA cation, which have been suggested in another neutron diffraction study on a
deuterated sample of FAPbI; [61]. Comparing the model calculations to the EISF
data, it was found that in the cubic a-phase, at 300 and 350 K, the EISF could be well
modelled using a model which describes the FA cation dynamics as isotropic rotations.
One may note that the data show a slightly higher fraction of elastic scattering than
predicted from the isotropic rotational model. This indicates that the FA rotations
are almost, but not fully, isotropic in the cubic phase. In the tetragonal S phase,
there is more elastic scattering, and the minimum of the EISF is shifted to slightly
higher values of ¢q. This is expected if there are some strongly preferred orientations
of the FA cations in this phase. According to the structural model of the S-phase
determined by Weber et al. [58], the space group is P4/mbm, and the site symmetry
of the FA cation is Dsj, which only allow 2-fold rotations around the three principal
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Figure 6.1: (a) Elastic and inelastic fixed window scans of FAPbI; as measured on
IN16B. (b) Quasielastic linewidth (FWHM), as determined from both, fits to the
IFWSs and QENS spectra. (c-d) Corresponding data for MAPbI3. The Figures are
reprinted with permission from Paper I [102].

axes of FA. It has previously been proposed based on NMR and DFT simulations
that the main axis of rotation for FA in FAPbI3 is around the N- - -N axis [66]. In the
structure of S-FAPbI3 by Weber et al., the FA cations are disordered amongst four
sites which are related through rotations around the N- - -N axis [58]. A comparison
between the model describing rotations around the N- - -N axis between the sites from
the structural model of Weber et al. [58] shows that more QENS was observed than
predicted by this model, indicating that there are additional rotational modes present
on the probed timescales. Taking into account also a 4-fold rotation about the C—H
axis gives a model which is in reasonable agreement with the observed data. This thus
indicates that, in the tetragonal g-phase, the FA cation performs rotations between
preferred orientations, with the main rotational modes being rotations around the
N.--N and C—H axes.
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Figure 6.2: (a) Typical QENS spectra of FAPbI3 in the f— (200 K) and a-phases
(300 K), as measured on IN5 (5 A neutrons) together with total fits to the spectra,
using two Lorentzian functions to describe the QENS. (b)EISF of FAPbI; as a function
of temperature. The data is compared to different jump models describing localized
FA cation dynamics around different possible rotational axes. The Figure is adapted
with permission from Paper I [102].

The QENS studies were further expanded to include the MA-doped solid solution
MAy 4FAg ¢Pbls, which was chosen due to the increased stability of the perovskite
phase as compared to FAPbI3 [14] and its higher PV device efficiency [189]. The
key result for that material is that the rotational dynamics in MAg 4FA( ¢Pbls are
relatively similar to MAPbI3 and FAPbI3 at room temperature but that there are
significant differences in the lower temperature phase (< 150 K). This is illustrated in
Figure 6.3, which shows the determined relaxational time as a function of temperature
for MAPDbI3, FAPDI3, and MAg 4FAq ¢Pbls. In particular, a fast QENS signal was
observed at 100 K, which could, based on analysis of the EISF, be assigned to the C5
rotations of the MA cations. The mean residence time (calculated as 7¢, = 3/HWHM
[27]) for the C3 rotation at 100 K was determined to be around 9 ps, which is about a
factor of 50 faster than that of the corresponding dynamics in MAPbI3. This indicates
that there is a significant weakening of the interactions between the MA cations and
the surrounding Pb-I framework in the mixed-cation systems. The faster dynamics
might also be related to the absence of an orthorhombic structure of MAg 4FA( ¢Pbls
at low temperatures. These important differences in the organic cation dynamics in
the low-temperature phase will be discussed in more detail in what follows.
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Figure 6.3: 2hi/v (7 is the quasielastic FWHM), representing an apparent relaxation
time of the observed dynamics, as a function of temperature for the different samples
(MAPDI3 blue markers, FAPbI3 red markers, and MAg 4FA( ¢Pbls black markers).
The dots and triangles represent the faster and slower timescale dynamics in each
sample, respectively. For FAPbI3, the asterisks mark the data measured on IN16B.
The dashed vertical lines mark approximately the phase transition temperatures for
the different samples [69].

6.1.2 Local structure and structural stabilization in formami-
dinium lead iodide perovskites (Paper II)

As described in the previous chapters, the detailed crystal structure of FAPbDI3 is still
not completely understood, in particular with respect to the low-temperature v-phase,
which is, however, believed to be locally disordered [58]. Motivated by the lack of
understanding pertaining to the structure of the low-temperature phase of FAPbI3
and how the doping of MA allows stabilizing the perovskite structure of FAPbI3, the
local structure and vibrational dynamics in FA;_MA,Pbls (x = 0.0, 0.6, 0.9, and
1.0) were investigated by INS combined with first-principles calculations in Paper
IT [50]. The stable structure of FAPbI; at room temperature is a non-perovskite
hexagonal phase, but a metastable cubic phase can be formed at room temperature
via heating above the hexagonal-to-cubic phase transition around 400 K [58, 60, 61].
The INS spectra of FAPbI3 in three different phase compositions are shown in Figure
6.4, for the cases (i) quenched to 10 K from the cubic perovskite phase (tetragonal
~-phase), (ii) in a mixture of perovskite and d-phase, and (iii) mainly hexagonal
6-phase. The main differences in the INS spectra of the J-phase and perovskite phase
are variations in the intensities of the peaks and the disappearances of some shoulder
peaks [cf. Figure 6.4]. In particular, the band between 12 meV and 15 meV grows
in intensity, and the low-energy band between 7 — 20 meV becomes broader in the
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tetragonal phase, with no sharp features.

We first discuss the qualitative features of the INS spectra. Figure 6.5 shows the
INS spectra of MA;_FA,Pbl3 for different studied stoichiometries, as measured on
TOSCA at T = 10 K. For MAPDbI3, the INS spectrum is dominated by several sharp
peaks in the region below 40 meV. The vibrational dynamics of pure MAPbI3 have
already been studied extensively in a previous INS study [53]. The sharp modes below
30 meV mainly involve combinations of MA librations and vibrations of the lead
iodide substructure [53]. The peaks above 30 meV are assigned to internal vibrations
of MA. Of importance is the intense and sharp peak around ~ 37 meV, which has in
a previous INS study been assigned to a torsional mode of the methyl and ammonia
group of MA, and its frequency was found to be sensitive to the local structure
of MA™ [53]. Similarly, for FAPbI3, the INS spectrum shows two distinct bands,
one below ~ 50 meV and another between 60 - 110 meV. By comparison with the
previous INS study of MAPDI3 [53], the lower-frequency band most likely corresponds
to combinations of molecular librations of the FA cation and phonons of the inorganic
sublattice, whilst the higher-frequency band most likely correspond to internal FA
modes. Above 100 meV, a few peaks are seen in the FAPbI3 spectrum. These are
also assigned to internal modes of the FA cation.

The spectrum of FAPbI3 shows, compared to MAPDbI3, relatively broad peaks in
the low energy region of combined molecular librations and inorganic lattice vibrations
between ~ 6 — 30 meV. This indicates that the orientations of the FA cations are more
disordered at 10 K, as compared to MA in MAPbI3, where the cations arrange in
an ordered arrangement [52]. This is in agreement with previous studies by neutron
diffraction [58], thermodynamic property measurements [65], and nuclear magnetic
resonance [66], which have indicated the formation of an orientational glass of FAPbI;
at temperatures below ~ 100 K. For the mixed-cation materials, the peaks are less
well-defined, indicating a more local disorder, as expected. One may note that both
the mixed-cation materials show INS spectra that are very similar to that of FAPbI3.
This is consistent with the fact that both of these studied mixed-cation materials
show the same low-temperature structure as FAPbI3 [69]. A noticeable thing is the
large damping of the torsional mode of the methyl and ammonia group of MA in
the mixed-cation materials. The MAg 4FAy ¢Pbls sample has a peak at ~ 33 meV,
which most likely is the MA torsional mode. Thus, this mode has been shifted to
a significantly lower frequency, and the amplitude has been reduced drastically. A
similar shift and damping of this peak have been observed by Mozur et al. [90] for the
case of MA1_,Cs,PbBrj3, where an orientational glass formation of MA was observed
at low temperature for relatively low concentrations of Cs. Thus, this indicates that
MA is present in disordered local environments in FA;_MA,Pbl; with potentially
no long-range orientational ordering of either FA or MA. The downshift of the MA
torsional mode in MAg 4FAg ¢Pbls is accompanied by a shift to a higher frequency of
the band at around 20 meV, which mainly involves librations of FA™T. The frequency
shifts of these two modes are highlighted by the dashed lines in Figure 6.5. This
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Figure 6.4: INS spectra measured at TOSCA [190] of as-synthesized FAPbI; (orange
curve; a mixture of both perovskite and hexagonal phases); after storage for a period
of three months (blue curve; increased phase fraction of the hexagonal phase); and
(iii) after annealing at 165°C (black shaded curve; tetragonal phase). The spectra
have been normalized and shifted along the vertical axis for clarity, and the spectral
range of 60 — 80 meV is given as an inset. The insets show the crystal structures of
the low-temperature hexagonal (left) and tetragonal ~v-phase (right) phases according
to Chen et al. [45, 61]. The figure is reproduced with permission from Paper II [50]
(Copyright American Chemical Society 2021).

indicates a weakening of the interactions between MA and the surrounding perovskite
framework and, at the same time, a corresponding increase in the interactions with FA.
In order to understand in even more detail the effect of MA-doping, the INS data was
interpreted in combination with results from DFT and ab-initio molecular dynamics
simulations. The combination of the INS and first principles simulations allowed
to further clarify some details about the stabilization of the perovskite structure of
FAPbI3 by doping with MA organic cations. In particular, it was found that the
hydrogen-bonding interactions of the FA cations and the surrounding lead iodide
framework are increased as a result of cage deformation and that this is accompanied
by a weakening of the MA interactions with the lead iodide framework. One may
hypothesize that these stronger interactions involving the FA cations result in a
locking effect, which strongly increases the stabilization of the perovskite structure of
FAPbDI3 upon doping with MA. This also explains the QENS results, where drastically
faster MA cation dynamics in MAg 4FA ¢Pbls as compared to pure MAPbI3 was
observed in the low-temperature phase.

6.1.3 Temperature response of the vibrational dynamics in
FA; MAPbl; (Paper III)
In the previous section, the vibrational spectra of the FA;_ MA,Pbls materials of

the ground state (10 K), as obtained using inelastic neutron scattering, were discussed
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Figure 6.5: INS spectra measured at TOSCA of the series of FA; MA,Pbls
samples measured on TOSCA at 10 K [50]. The spectra have been normalized and
shifted along the vertical axis for clarity. The dashed lines indicate the peak positions
of the MA torsional mode at 37 meV in MAPbI3 and FA libration mode around
20 meV in FAPbI3 and highlight the frequency shift of these modes for the case of
MAO.4FAO_6PbI3.

in detail. However, those results only concern the low-temperature structure of the
materials, and upon heating from 10 K, these materials also undergo several phase
transitions. In order to clarify how the vibrational dynamics vary as a function of tem-
perature, variable temperature INS measurements were performed on FA; _MA,Pbl;.
These measurements were performed on a direct geometry spectrometer (IN5 or IN6)
in order to reduce the suppression from the Debye-Waller factor, which on TOSCA is
very high due to the high ¢ values probed at higher energy transfers.

The qualitative behaviour of the dynamic response of FAPbI3 as a function of
temperature on the neutron energy gain side is illustrated in Figure 6.6, which shows
the imaginary part of the dynamical susceptibility x” (¢, E). x" (g, E) is related to
the dynamical structure factor by

S(g, B) = (1/m)[1 + n(E)x" (¢, B),

where n(E) denotes the Bose-Einstein population factor [176]. It removes the trivial
temperature dependence of S(q, E) coming from the population of excitations. It
thus allows to study the interesting part of the temperature dependence of S(q, E).
At 100 K, x" (g, F) is dominated by several broad optical phonon peaks in the energy
range 4 — 25 meV [Figure 6.6 (a)] [191]. With increasing temperature, these peaks are
broadened out, and this is accompanied by an increasing quasielastic scattering, which
is seen as the increasing intensity below 3 meV [Figure 6.6]. Note that, as compared
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Figure 6.6: Imaginary part of the dynamic susceptibility x”(q, E) of FAPbI; for
T =100, 200, and 300 K shown on the neutron energy gain side £ < 0, measured on
IN5 using an incident neutron wavelength of 5 A. The Figure is adapted from Paper
II1.
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Figure 6.7: Imaginary part of the dynamic susceptibility x”(¢q, E) of MAPbI3 for
T =100, 150, and 170 K shown on the neutron energy gain side £ < 0, measured on
IN5 using an incident neutron wavelength of 5 A. The Figure is adapted from Paper
II1.

to MAPDI3 [Figure 6.7], which is featured by a gradual increasing broadening of the
optical phonons in the orthorhombic phase, which then completely "melts” when the
full rotation of the MA cations becomes activated in the tetragonal phase [28], the
broadening of the inelastic response of FAPbI3 is more gradual. No drastic changes in
the dynamics of FAPbI3 are seen when passing through the phase transition, but the
FAPDI3 cation dynamics are seen to gradually increase with increasing temperature.
This is in accordance with the different characteristics of the phase transitions in
FAPDbI3 and MAPDbI3. In MAPbDI3, the orthorhombic-to-tetragonal phase transition
is of first-order character [114], and there is thus a discontinuous change in the
vibrational properties, which is directly correlated with the activation of full molecular
rotations of MA [27, 28]. For FAPbI3, the data indicates a more gradual variation
with temperature, indicating a different character of the phase transition.
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Figure 6.8: GDOS of the FA;_(MA,PbI3 samples in (a) the low-temperature phase
at 100 K and in (b) the cubic phase at 350 K. The measurements were performed on
IN5 using an incident neutron wavelength of 5 A. The figure is adapted from Paper
111

Figure 6.8 (a) shows the GDOS of the FA;_xMA,Pbl; samples at 100 K in their
low temperature phase. As can be seen, there is a slight broadening of the peaks
as compared to the TOSCA data presented before, which was measured at 10 K.
In particular, the MA torsional mode around 37 meV is significantly broadened for
MAPDI3, which most likely is due to the rotation of the methyl and ammonia groups
of MA at 100 K [27]. For MA( 4FA(¢Pbls, it is completely reduced to almost no
intensity of this mode. This is consistent with the previous QENS data, showing that
the methyl/ammonia rotations become significantly faster in the low-temperature
phase of the mixed-cation materials. For FAPbI3 and the mixed-cation materials, there
is an increasing amount of low-energy modes (w < 10 meV) compared to MAPDbI;,
which could be due to the increasing disorder, which leads to a softening of the force
constant, in analogy with the difference between the vDOS in crystals versus glasses
[192], which is in accordance with the expected disordered low-temperature structure
of FAPDI3 [58] and the mixed-cation compositions [69]. An important result is shown
in Figure 6.8 (b), which shows the GDOS of the FA;_(MA,Pbls samples in their
cubic phase at 350 K. As can be seen, even though there are large differences between
the samples in their lower temperature phases, the GDOS of the FA;_ MA Pbl;
samples displays an almost universal behaviour in their high-temperature phase. In
particular, one can note a linear behaviour of the low-energy GDOS. Such a linear
behaviour is typical for liquids, which shows an excess of low-energy vibrational modes,
compared to the w? behaviour from acoustic phonons of solids [193]. One should
note that, due to the large incoherent cross section of H and the low mass of the
organic cation compared to Pb and I, we essentially probe the partial vibrational
density of states of the organic cation (MA or FA). At 350 K, these are rotating
almost isotropically on a timescale on the order of 1 ps. Thus there will be a large
number of “instantaneous configurations” of the organic cations, which could give
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rise to this excess of low energy modes. One should point out that the quasielastic
scattering will give rise to a function of the form G(w) ~ w?/(y? 4+ w?), which will
grow quadratic in w until the HWHM of the Lorentzian « and then level out and
reach a constant value. However, since the HWHM of the QENS Lorentzian at 350 K
is less than about 1 meV [102], the quasielastic scattering should not give a significant
contribution to the GDOS in the energy range studied here.

6.1.4 Vibrational properties of CsPbl; (Paper IV)

As seen above, the hybrid perovskites FA;_MA,Pbl3 exhibit highly damped vibra-
tional dynamics in their high-temperature cubic phase. For MAPDI3, this is directly
correlated with the onset of MA rotations, whilst for FAPbI3, the phonon broadening
is more gradual. Earlier studies have, in fact, claimed that HOIPs belong to the
class of materials known as “phonon glass electron crystals”, meaning that they show
‘band-like’ charge carrier dynamics and “glass-like” phonons [34, 35, 194]. However,
later studies based on Raman scattering [30] and inelastic neutron scattering [29]
have also found that there is overdamped phonon dynamics also in the all-inorganic
CsPbBrj, meaning that the rotational dynamics is not critical for the forming the
highly damped phonons. In order to fully understand the lattice dynamics in lead
iodide perovskites and how it varies with temperature, INS studies were also performed
on the all-inorganic perovskite CsPbls.

We focused on the differences between the non-perovskite §-phase and the cubic
perovskite phase, which is formed around 600 K. Figure 6.9 shows the measured
dynamical structure factor of §-CsPbls measured at 10 K. The data is compared to
the simulated S(g,w) based on harmonic phonon calculations. As can be seen, there is
a good agreement between the simulated and experimental data. This shows that the
lattice dynamics of §-CsPbls can be described in terms of a harmonic picture. Figure
6.10 compares the dynamical structure factor at 550 K in the d-phase and in the cubic
perovskite phase at around 600 K. As can be seen, there is a significant increase in
low-energy scattering upon passing through the phase transition, and there is no clear
gap between the elastic and inelastic scattering in the cubic phase. For a more detailed
analysis of the low-energy scattering in the cubic perovskite phase of CsPbls, a fitting
analysis was performed on S(g,w). Figure 6.11 (a) shows the S(g,w) of CsPbl3 and
CsPbBrjs for the ¢ values corresponding roughly to modulus of the wavevector transfer
at M = (%, %, 0) r.l.u. For these certain g-values, quasielastic scattering was observed,
as shown in Figure 6.11. For CsPbls at ¢ = 1.55 A~!, there is a narrow quasielastic
scattering peak, which could be modelled using a Lorentzian function with an HWHM
of about 0.16 meV. This corresponds to relaxational dynamics with a relaxational time
of h/HWHM = 4 ps. Comparing our results to the recent INS study on the similar
material CsPbBr3 [29], the observed quasielastic scattering is most likely related
to overdamped transverse acoustic phonon branch at the M-point. This phonon
mode is related to the tilting of the Pblg octahedra, and these tilting motions at the
M-point give rise to the tetragonal distortions. They are thus associated with the
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Figure 6.9: (Left panel) Simulated S(g, F) from harmonic phonons of 4-CsPbl;.
The phonon calculations were obtained from the Phonon database at Kyoto University
[177], and S(q, E) (both coherent and incoherent parts) was simulated from the phonon
eigenvectors and eigenfrequencies using Oclimax [178]. (Right panel) Experimental
S(g, E) at T =10 K of §-CsPbl3 measured on ARCS at the SNS using an incident
neutron energy of 15 meV. The figure is adapted from Paper IV.

cubic-to-tetragonal phase transition. Quasielastic scattering at the M-point is thus
expected near the cubic-to-tetragonal phase transition, which occurs around 550 K
[49], based on the soft-phonon model for displacive phase transitions [109]. However,
we here observe quasielastic scattering in CsPbls at 600 K, which is about 50 K above
the expected cubic-to-tetragonal phase transition. These results are in agreement
with a recent MD simulation study on CsPbBrs, which shows that these phonon
modes become overdamped even relatively far from the phase transition temperatures
[111]. For a powder sample of CsPbBrs, we observed a quasielastic scattering with an
HWHM of about 0.4 meV is observed at ¢ = 1.69 A~! [Figure 6.11 (b)], corresponding
approximately to the modulus of the M = (%, %, 0) r.l.u. for cubic CsPbBrs. This
is similar to what has been observed at the R-point of CsPbBr3 in another single-
crystal INS study [195], and the recent MD simulations [111]. Quasielastic scattering
was also observed for some other ¢ values. For CsPbls at ¢ =1.65 A~!, roughly
corresponding to the modulus of R = (%, é, %) r.L.u, the relaxational dynamics were
found to be slightly faster. It could be fitted using a Lorentzian with an HWHM of
about 0.275 meV, corresponding to a relaxational time of 2.4 ps. At the R-point, the
overdamped transverse acoustic phonon branch corresponds to the octahedral tilt
patterns associated with the tetragonal-to-orthorhombic phase transition [29, 111].
This phase transition is expected to occur around 450 K for CsPblz [49]. In the
soft phonon model, 7 is expected to decrease as the temperature is increased in the
cubic phase [111], which is in agreement with that we observe faster relaxational
dynamics at the R-point in CsPbls. Overall, these results show that the octahedral
tilting modes are highly overdamped in the cubic phase of CsPbls, which means that
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Figure 6.10: Dynamical structure factor S(q, E) of 6-CsPbls and a—CsPbl3 mea-
sured using FOCUS at the PSI, using an incident neutron wavelength of 4 A. The
figure is adapted from Paper IV.

the structure dynamically fluctuates between tetragonal and orthorhombic distorted
phases on the timescale of ~ 2 — 5 ps. This means that the cubic perovskite phase is
highly dynamic, and the ideal cubic structure only can provide a qualitative view of
the structure of the material.

For the hybrid organic-inorganic perovskites, an additional source of anharmonicity
is the rotational dynamics of the organic cations as have been observed using, for
example, optical [196, 197] and neutron [27, 82, 83, 101] spectroscopies. The GDOS of
MAPDI3, FAPbI3, and CsPbls in their high-temperature cubic phases are compared
in Figure 6.12 (c). For a direct comparison, the GDOS have been normalized to the
same number of vibrational modes in the energy range 0 — 30 meV and plotted on a
scaled energy axis w/wmax, Where wpmax is the energy for which the GDOS shows a
maximum. As can be seen in Figure 6.12 (c¢), one may note that the GDOS shown
here, for both the hybrid and all-inorganic lead iodide perovskites, in many features,
resembles the vDOS of a liquid. The vibrational dynamics of liquids are commonly
described in terms of a set of instantaneous normal modes (INMs), which is defined
by diagonalizing the dynamical matrix for each instantaneous atomic configuration
[198]. This gives rise to both harmonic normal modes and modes of imaginary
“frequencies”, where the imaginary frequencies lead to an exponential decay of the
atomic displacements, thus describing relaxational dynamics. The presence of highly
anharmonic and overdamped dynamics in MHPs suggests that the INMs picture
might be a more accurate representation of their vibrational dynamics compared to
a purely harmonic one. Recently, a simple closed-form analytic expression for the
vDOS of a liquid has been derived [193], and shortly afterwards was experimentally
confirmed [199]. To test how "liquid-like” the vDOS of lead iodide perovskites really
is and the claims about ”crystal-liquid duality” in MHPs [28, 34, 35, 194, 200], the
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Figure 6.11: (a) Fitting of S(g,w) for CsPbl; in the a-phase at 600 K at ¢ = 1.55 A-t
and for CsPbBrj at 520 K and 1.69 A~1; these g-values roughly correspond to absolute
values of g vectors at the M-point of the cubic Brillouin zone. The data were measured
using FOCUS at the PSI, using an incident neutron wavelength of 4 A. (c) Illustration
of the octahedral tilting mode at the M-point. The figure is adapted from Paper IV.

GDOS were fitted to the following expression which describes the vDOS of a general
liquid [193, 199]
w

_(W/WD)Z (
e , 6.2)
w? )e2ff

g(w) o
where 7 is an effective relaxation rate of the INMs, and wp is a high-frequency
Debye cutoff. Figure 6.12 shows the GDOS of CsPbls, MAPbI3, and FAPbI3 in
their high-temperature cubic phases fitted to the liquid vDOS model of Eq. (6.2)
using both 7. and wp as fitting parameters. As can be seen, the low-energy GDOS
of CsPbls cannot be well described by the liquid model, which predicts a linear
behaviour at low energies. The low-energy GDOS data of CsPblg, however, is more
similar to the w? Debye-law for crystals, thus indicating that acoustic phonons are
still ”crystal-like” in the high-temperature perovskite phase. This is consistent with
the observed correlations in the momentum transfer dependence of S(¢,w) and the
increased phonon scattering around Bragg peaks. For the hybrid materials, however,
the GDOS follows very well a low-energy linear behaviour and can be relatively well
described by the liquid model over this energy range. As for the hybrid organic-
inorganic materials, the dominant contribution to the GDOS comes from the H atoms
in the organic cations. Thus, this indicates that the vibrational dynamics of organic
cations in HOIPs are relatively similar to that of a liquid in the high-temperature
phases. The difference between the all-inorganic CsPbls and the HOIPs can be due
to the ps-timescale molecular rotational dynamics. The organic cation dynamics
are further coupled to the lead iodide substructure through hydrogen bonding, and
its dynamics might thus give rise to many different instantaneous dynamic atomic
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Figure 6.12: GDOS of (a) CsPbl3z and (b) MAPbI3 and FAPbI3 in their high-
temperature cubic phases. The data for CsPbls is obtained at 600 K, and the data
for MAPbI3 and FAPbI; is taken at 350 K. The GDOS is fitted to the liquid vDOS
model of Eq. (6.2) (black dashed lines). (c¢) Comparison of the GDOS of cubic CsPbls,
MAPDI3, and FAPbI;3 plotted on a scaled energy axis w/wmax, where wpax is the
energy in which the GDOS shows a maximum.

configurations. Some of these configurations are not stable, which will lead to an
increase in imaginary modes, which can produce the linear low-energy behaviour of
the vDOS [193]. One should, however, point out that well-defined acoustic phonons
have been observed experimentally in the cubic phase of the hybrid MHPs near the
Brillouin zone center [115, 201, 202]. In the INS experiments, one mainly observes
the partial vibrational density of states of the organic cations, which do not have
much involvement in the acoustic phonon displacements. As a result, it is likely
that the acoustic phonons, which mainly involve displacements of Pb and I, remain
well-defined, despite the fact that the vibrations of the organic cations resemble that
of a liquid.

6.1.5 Organic cation dynamics in layered hybrid lead iodide
perovskites (Paper V)

In order to gain a more complete picture of organic cation dynamics in MHPs, the
studies were further expanded to include so-called layered materials, often called
"two-dimensional (2D) halide perovskites” [18]. These materials are based on the
Ruddlesden-Popper crystal structure with general chemical formula Ry BX,, where
R is an organic cation, B is a metal cation (e.g. Pb, Ge, Sn), and X is a halide
anion. In this structure, the organic cations need to be relatively large, which also
means that there is more versatility in the choice of the organic spacer. In my studies,
I focused in particular on two prototypical layered lead iodide perovskites, namely
phenethylammonium (CgH;(CHy)oNHs, PEA) and butylammonium (CHz(CHsg)3NHs,
BA) lead iodide. BAyPbly and PEA;PbI4 are two of the most well-studied and
understood in terms of crystal structure and phase transitions [24, 25]. They also
represent two different cases of organic cation, which thus provides a way to investigate
the effect of the type of organic cation on the dynamics and optical performance of
the materials. PEA has a phenyl ring, whilst BA is a linear alkyl chain with an end
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Figure 6.13: EISF of BA;Pbl, (left panel) and PEA;PbI, (right panel), together
with different jump-diffusion models describing localized dynamics of BA and PEA.
The Figure is adapted from Paper V.

ammonia group. Importantly, these two materials also have some differences in their
optical and electronic properties, where PEA systems have longer slower electron-hole
recombination and longer carrier lifetimes[136, 203, 204], and more than one order of
magnitude faster exciton diffusion and longer exciton diffusion lengths [205]. These
two materials are thus good model systems for understanding the organic cation
dynamics and how it relate to the properties of the materials.

BA;Pbly is featured by a first-order phase transition with a large hysteresis, around
240 K on cooling and 270 K on heating [119, 122], which were found to be significantly
coupled with the observed structural dynamics using QENS. In particular, different
dynamics were observed in the two different phases of BA;Pbly, and the same
hysteresis effect was observed in the organic cation dynamics, as is observed using
crystallographic techniques [122]. In the low-temperature phase, only the methyl and
ammonia group rotations could be observed above ~ 100 K. In the high-temperature
phase above 300 K, the BA cations were found to undergo nearly uniaxial rotations
around the long molecular axis (Figure 6.13), with almost no preferred orientations of
the organic cations around this axis on a timescale longer than a few ps. Importantly,
this means that the phase transition in BAsPbl, can be characterized as an order-
disorder transition of the BA cations, which is in agreement with x-ray diffraction
[122] and recent Raman scattering results [119]. For the case of PEA;Pbly, the
organic cation dynamics were found to be significantly more restricted in nature.
In particular, the only observed dynamics were found to be the C5 rotations of
the ammonia group (Figure 6.13), while the rest of the hydrogen atoms in PEA
remain static on the probed timescales (7 = 400 ps) for temperatures < 370 K.
Going back to the differences in optoelectronic properties in BA;Pbly and PEA;Pbly,
one may speculate around potential correlations between the observed differences in
structural dynamics and in optoelectronic properties. In particular, the less restricted
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cation dynamics observed in the high-temperature phase of BAsPbl, may act as an
additional scattering source for excitons, potentially decreasing their lifetime and
diffusion lengths, in line with what has been observed in comparison to PEA;Pbly
[205]. On the other hand, for the case of 3D hybrid perovskites, the organic cation
rotations have been hypothesized to induce polar fluctuations, which can potentially
create separations of electrons and holes and thus lead to increased charge carrier
lifetimes [45, 97]. For the case of MAPbDI3, the rotations of MA reorient the dipole
moment of the MA cations [27], which arguably could induce these polar fluctuations in
the materials. The dynamics observed in BA are mainly concerned with the rotations
around the molecular axis, which does not change the molecular dipole moment and
could then be argued to have less influence on polar fluctuations. However, it should
still give rise to increased scattering of excitons and other charge carriers, and the
increased dynamics in BA;Pbl, might thus explain the lower exciton lifetimes and
diffusion lengths observed in BA;Pbl, as compared to PEA;Pbly.

6.1.6 Vibrational dynamics in layered hybrid lead iodide
(Paper VI)

Both lattice dynamics and rotational dynamics of organic cations are believed to be
of importance for the charge carrier recombination rates and exciton properties in
metal halide perovskites [10]. In order to get a more complete understanding of what
causes the differences in the optoelectronic properties of BA;Pbl, and PEAsPbly,
their vibrational dynamics were further investigated using INS in Paper VI.

At 10 K, it was found that the INS spectra of both BAsPbly and PEAsPbl, are
featured by a large number of sharp and intense peaks in the spectral regions from
about 5 — 60 meV, which is followed by slightly weaker features that extends all the
way to about 400 meV. The modes above 50 meV are most likely internal vibrations
of the organic cations. Strong peaks in the spectral range below this are assigned
to molecular librations, which are expected to exhibit a high intensity in INS. One
may note that the sharp spectral features below 50 meV indicate a well-ordered
low-temperature structure of both BA;Pbl, and PEA;Pbl,. This is similar to what
has been observed for MAPbI;3 [53] and MAPbBrs [206], but different from FAPDI;
[50] and FAPbBrs [104], where the low-temperature structure is more disordered [58].

For BAyPbl,, we observed a strong dependence for the two different phases of
the INS spectra, which is illustrated in Figure 6.14. In the high-temperature phase,
there is a continuum of quasielastic scattering and no sharp features in the dynamic
response as a function of energy transfer. Upon passing the phase transition to
the low-temperature phase, around 230 K, however, there is a drastic change in
the spectra, and sharp well-defined peaks appear. Upon cooling, one can notice a
pronounced stiffening (shift to higher frequencies) of the sharp mode around 12 meV
(at 50 K) and a significant narrowing of the lower energy bands below 100 K. The
observed broadening above 100 K might be related to the activation of the CH3 and
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Figure 6.14: GDOS of BAyPbly (left panel) and PEA;PbI, (right panel) as a

function of temperature. For BA;Pbly, the phase transition occurs between 220 and

240 K. The data were obtained on IN5 using an incident neutron wavelength of 5 A.

The Figure is adapted from Paper VI.

NHj3 group rotations, which rotate on a timescale on the order of 0.1 ns at around 100
K. In the low-temperature phase, the GDOS of BA;Pbly is featured by several sharp
peaks, which can be assigned to molecular librations, that broaden continuously upon
increasing the temperature and becomes extremely broad in the high-temperature
phase (T > 240 K). Accompanied by this, there is a large increase in low-energy
scattering, which can be seen as the increase in modes below ~ 10 meV. In the
high-temperature phase, one may note that several of the BA librational vibrations
(E ~ 12 — 50 meV) shift to slightly higher frequencies. In the high-temperature phase,
the long molecular axis of the organic cations is more aligned to the crystallographic
c-axis, and the time-averaged octahedral tilt angle is significantly smaller, although
not zero [119]. This could potentially cause larger intermolecular interactions between
the BA cations, which could potentially increase the vibrational frequencies of the
librational modes.

The temperature response of the INS spectra for PEAsPbly is shown in Figure 6.14.
For PEA;Pbly, there are no known phase transitions in the measured temperature
range (10 — 370 K), and, in accordance with this, a more gradual phonon broadening
upon increasing the temperature is observed for PEA;Pbly. The sharp mode around
~ 35 meV is assigned to an NHjs torsional mode, in similarity with MAPbI3 [53]. This
mode shows a particularly strong temperature dependence, which is in accordance
with the activation of the NHjs rotations in PEAsPbl, around ~ 150 — 200 K.

64
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6.2 Oxyhydride perovskites

This section summarizes and discusses the results on perovskite-type oxyhydrides,
which are reported in Papers VII — IX.

6.2.1 Hydride-ion diffusion in SrVO,H (Paper VII)

The results on hydride-ion diffusion in SrVOsH are reported in Paper VII [155]. In
order to try to understand better the fundamental mechanism of hydride ion diffusion
in oxyhydrides, QENS measurements were performed on the oxyhydride SrVO-.H.
Interestingly, this material is different from the more well-studied systems ATiO3_,H,
(A = Ba, Sr, Ca) [39, 42, 152] in that the hydride ions are fully ordered in the anion
substructure, giving rise to a layered tetragonal structure [36], which might affect
the diffusional dynamics of hydride ions. Figure 6.15 shows some QENS results from
SrVOsH as measured on the backscattering spectrometer HFBS, probing timescales
in the range ~ 50 ps — 2 ns. The g-dependence of the scattering signal indicated
translational diffusional dynamics, which could be well modelled using a Chudley-
Elliot model [182] describing jump diffusion in the ab-plane of the crystal structure,
which is shown in Figure 6.15 (b). It was found that this translational diffusion occurs
on the ns timescales and with a diffusion coefficient of about 1 x 107¢ cm?/s at 430
K. In order to obtain a complete picture of the hydride ion diffusional dynamics in
SrVOsH, complementary QENS measurements were also performed on the OSIRIS
instrument, which probes faster timescale dynamics, in the range of ~ 2 — 65 ps.
Interestingly, a faster QENS signal was then also observed. The ¢-dependence of
this QENS signal was in accordance with a localized diffusion process and could be
modelled as a dumb-bell motion with a jump distance fixed to the H—H distance
in the ab-plane, 7.e. a hydride ion jumping forth and back between two hydride
sites. In SrVO3H, the hydride anion substructure is believed to be fully occupied
[36], and one may thus expect that there are few vacancies available for diffusion.
Hence, after a hydride jumps to a vacant site, the probability of a backwards jump
will be significantly increased because the probability of a vacancy at the original
site is significantly enhanced [207]. This would mean that there is an increased
probability for a backwards jump, and the hydride-ion could be temporally localized
around a specific vacancy. Taken altogether, this diffusion mechanism could thus
be described as a temporally correlated vacancy-assisted jump diffusion, with an
increased rate for backward jumps. It may be noted that such a correlated diffusion
mechanism is usually not considered in QENS experiments on ionic conductors in
general. The analysis methods applied in Paper VII might thus be of more general
use for interpreting QENS data of solid ionic conductors where the concentration
of mobile species is high or, equivalently, the vacancy concentration is low. Such a
correlated diffusion mechanism is expected to decrease the hydride-ion conductivity
because mobile hydride-ions become temporally localized, neighbouring to a particular
hydride-ion vacancy. Accordingly, tuning the anion vacancy concentration in StVOoH
may be a promising way to improve the ionic conductivity.
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Figure 6.15: (a) QENS spectra of St'VO3H as measured using neutron backscattering
at HFBS for 7' = 430 K, and ¢ = 1.16 A1 (b) Quasielastic linewidth (FWHM)
as a function of ¢ and temperature. The solid lines are fits to a Chudley-Elliot
jump-diffusion model with a fixed jump distance of 3.94 A. Reprinted with permission
from Paper VII [155].

In order to confirm if such a correlated jump-diffusion mechanism could give rise to
the observed experimental data and for a more quantitative understanding of possible
correlated jump diffusion in SrtVOoH, the QENS data were evaluated in terms of a
simple phenomenological model, which could explain the observed phenomena. To
this end, the so-called backward jump model [208], originally developed by Haus and
Kehr in 1979, was used. This model introduces ad hoc an enhanced probability for
a backward (return) jump. In this model, the self-correlation function Gg(r,t) is
separated into components which depend on the previously visited site:

Gy(r,t) = Z P(r,r;,t), (6.3)

where P(r,r;,t) is the probability that the particle is at site r at time ¢ after previously
being at site r; one step before and at rg at ¢t = 0. Considering only nearest neighbour
jumps, z is the number of nearest neighbour sites. The general equation to calculate
P(r,r;,t) is then given by [208]

gp(rariat) = (1 + (Z - 1)1> P(I‘,I‘i,t) + i]D(ri’rvt)
ot T1

1 z
+ — E P(r;,rpy,t), 6.4
T A ( ) (6.4)

where 1/71 is the return jump rate, and 1/75 is the jump rate to a new site. In the
backwards model, 71 < 75 so that the jump rate of a backward jump is higher than
the jump rate of a forward or sideways jump to a new site. By performing a Fourier
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Figure 6.16: (a) Dispersion of the eigenvalues and weights of a simple backward
jump model along the high-symmetry directions of the 2D square lattice as indicated
in the inset. The values were calculated with 1/73 =4 and 75 = 871. (b) 3D powder
average of the corresponding dispersions in (a). Reprinted with permission from
Paper VII [155].

transform in space and Laplace transform in time, this equation can be written as a
matrix equation [208]

(uv—D(q))P(q,u) =1, (6.5)
where u is the Laplace time and D(q) is the so-called dynamical matrix and P(q,u)
is the vector with P(q,r;,u),i = 1,2,..., 2z as components. The problem is thus

reduced to a matrix eigenvalue problem. The self-correlation function in Laplace and
Fourier space is given by P(q,u) = Y, (P(q,u)); and can be solved as [208]

Pl =3 e (6.6)

where u,(q)/2 are the eigenvalues of D(q), and the weights W,,(q) are given by
Wi(a) =, Tin(T ™ ) nm, where T is the matrix constructed by the eigenvectors of
D(q) as columns. The dynamical structure factor S(q, E) is related to P(q,u) by
the following relation

z

S(q,E) = %Re [P(q,u=iE)] = %Z UTLZ(q) o :/Z;f?(;)/Q)Q. (6.7)

n=1

S(q, E) is thus a sum of Lorentzian functions with FWHMs wu,(q) and relative
intensities W, (q).

In order to directly compare the backwards model to the QENS data of StVO-H,
the eigenvalues and eigenvectors of the backward jump model for diffusion on the 2D
square lattice were calculated numerically. There are two non-vanishing modes, one
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Figure 6.17: (a) QENS linewidth SrtVO3H as measured at HFBS (diffusive mode)
and OSIRIS (localized mode), together with fits to the powder averaged backwards
jump-diffusion model. (b) Corresponding quasielastic incoherent structure factors
(QEISF = 1— EISF). The QEISF are multiplied by a factor (1 — p) where p represents
the immobile fraction of H atoms on the timescale of the instrument. Reprinted with
permission from Paper VII [155].

low-energy diffusive mode and one higher-energy localized mode that emerges due to
the increased probability of a backward jump, which is shown in Figure 6.16, and
thus supports the interpretation of the two observed QENS signals in the experiments.
The predicted FWHM and structure factors (QEISF) (relative intensities of the
Lorentzians) of the powder averaged backwards jump model are shown in Figure 6.17,
together with the data measured for the diffusive and localized modes (measured
on HFBS and OSIRIS, respectively). As can be seen, the experimental data are in
good agreement with this model using that 7, = 72/10, which supports that the
localized diffusion can be interpreted from an increased rate for backward jumps,
and in addition, shows that the residence time for backwards jumps is a factor of 10
shorter than for jumps to other sites.

6.2.2 Hydride-ion diffusion in barium titanate oxyhydride (Pa-
per IX)

The hydride-ion diffusion in barium titanate oxyhydride was studied using QENS in
Paper IX. We focused on a sample with a relatively large oxygen vacancy concentration
and with the chemical composition of BaTiOs 55Hg 1200.33, as determined by a
combination of NMR and thermogravimetric analysis, according to the procedure
in Ref. [209]. A quasielastic signal was observed for temperatures > 250 K, which
could be modelled using a single Lorentzian component for all measured temperatures.
Analyzing the ¢-dependence of the QENS signal indicated that the dynamics could be
described in terms of a long-range (translational) diffusion process, in agreement with
the recent QENS study by Eklof-Osterberg et al. [44]. From the fitted parameters of
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the g-dependence of the QENS FWHM, the (Einstein) diffusion coefficient could be
calculated and was found to be between 0.4 x 1075 cm? /s at 250 K, to 1.5x 107° ¢cm? /s
at 550 K. This is about one order of magnitude larger than the corresponding values
for SrVOsoH, which might be related to a large number of oxygen vacancies in the
material. These values are, however, similar to what was reported for LaSrCoO3zHg 7
using QENS [43]. One may also note that this value is significantly larger than what
has been measured using more macroscopic techniques such as SIMS depth-profiling,
which was performed on SrTiOs_,H, thin films [166]. In such experiments, one
probes a diffusion coefficient which will depend on the hydride transport through
the whole material, on significantly longer length scales than probed using QENS.
In QENS, one should obtain the pure bulk diffusion coefficient, however, one should
also note that one only measure relatively short length-scales. The largest length
scale probed in QENS can be approximately estimated from the smallest measured ¢
values by 27 /qmin ~ 17 A, which corresponds to about 4 unit cells. Thus, it’s possible
that the probed dynamics become more localized at longer length scales than this.
Another important thing to point about is that in the QENS experiments, most of
the scattering is observed to be purely elastic (resolution limited), and only a few
percent of the total scattering signal is quasielastic. This means that most of the
hydride ions in the material are static (move too slowly to be observed) on the probed
timescale. Thus, in QENS, one probes the diffusion of these few percent of mobile
hydrogens, which most likely is related to specific local environments.

6.2.3 Vibrational dynamics and spin-phonon coupling in
SrVO,;H (Paper VIII)

In order to gain more insight into the vanadium-hydrogen bonding situation in
SrVO-H and to understand how this is related to the hydride-ion diffusion mechanism,
the vibrational dynamics of StVO2H were studied by INS and infrared spectroscopy
in combination with phonon calculations based on density functional theory. These
results are reported in Paper VIII [210]. Figure 6.18 shows the INS spectrum,
measured on MAPS at 10 K. The hydride ion vibrational modes were determined to
be a degenerate bending mode (motion perpendicular to the H—V—H chain direction)
and a stretching mode (along the H—V—H chain direction), with a large phonon
dispersion along the z-direction. These modes are schematically illustrated in the
inset of Figure 6.18. The H—V bending mode observed around 800 cm ™! was found
to be clearly split into two components separated by about 50 cm~!. Figure 6.19
compares the IR spectrum (measured at RT) and INS spectrum of StVOsH. The
peaks are marked with their corresponding assigned irreducible representations (at
the I'-point). In IR, only the higher frequency component of the H—V bending mode
is observed because the E, component is IR inactive. Similar is observed for the H—V
stretching mode, where the lower frequency component is observed in IR.

Interestingly, by analysing the INS data in combination with DFT phonon calcula-
tions, it was found that this splitting occurs due to the doubling of the unit cell from
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Figure 6.18: INS spectra of St'VOsH, measured at 10 K using the MAPS instrument
at ISIS Neutron and Muon Source [210]. The inset shows a schematic sketch of the
H—V vibrational modes. Note that there are also contributions from the Al sample
cell in the low-energy region at around ~ 150 and =~ 290 cm~!. The figure is adapted
with permission from Paper VIII [210].

the antiferromagnetic structure. In addition, analysis of the results from the DFT
calculated phonon dispersion, in combination with the INS data, reveals unusually
large spin-phonon coupling in StVO;H This was determined by comparing DFT
phonon calculations of the AFM structure with a non-magnetic reference structure
and could be seen as blue shifts of the hydride ion vibrational modes by 50—100 cm ™,
even though super-exchange coupling via H is relatively small. Similar frequency
shifts of the same order of magnitude were also found for the V—O in-plane modes,
whereas V—O out-of-plane and lower energy modes involving the Sr ions were found
to be essentially unaffected by the magnetic ordering. These results provide direct
evidence for the novel and interesting many-body effects that can occur in strontium
vanadium oxyhydride phases, where interesting couplings between the magnetism and
hydrogen dynamics can occur.

Spin-phonon coupling is a well-known phenomenon and has been examined earlier for
various systems [211-216]. Spin-phonon coupling occurs from the magnetic exchange
interactions contributing to the harmonic energy of lattice [217]. Assuming a simple
Heisenberg Hamiltonian,

jf = _ZJ’LJSZ . Sj7
i#]
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the change in force constant is given by [213]

N 0%J;;
Kop=Ko—Y_ muauﬁ (S:-8S;), (6.8)
i#j

where Ky is the force constant without considering the magnetic energy, J;; is the
exchange couplings between atom ¢ and j, u, is the displacement vectors, and S; is
the spin vector of atom i. Thus, if the second derivative of the exchange couplings
with respect to the displacement vectors are non-vanishing, the magnetic ordering will
cause a change in the "force constants” and thus also a shift of the phonon frequency,
according to

2.
Ko — Zi;éj 38 Hus Ua U (Si-S;)
_ _ U u5
w_,/Kag/M_\/ i , (6.9)

where M is some effective mass. Assuming that the frequency shift is small compared
to the bare frequency (without any spin-phonon interaction), Eq. (6.9) can be
expanded as’

w%wOJr/\ <SIS]>, (610)

where A\ describes the strength of the spin-phonon interaction, and wy = 1/ Ko/M is
the bare phonon frequency. From the definition in Eq. (6.10), the coupling constant
can be calculated according to

1 02 Jyj
A= .
2V K ; OuqOug

UaUg. (6.11)

As seen in Eq. (6.10), the frequency shift is proportional to the spin-spin correlation
function. Assuming a perfectly ordered antiferromagnetic structure (as in StVOoH,
S = 1), one finds that (S; -S;) = —S5%. Above the Néel temperature, the spin-spin
correlation function (S; - S;) goes to zero, thus meaning that the phonon frequency
shift from spin-phonon coupling goes to zero in the paramagnetic phase.

In most cases, the frequency shift from spin-phonon coupling is relatively small,
often on the order of 1 — 15 cm™! [218-225], with the, to the best of knowledge,
highest one reported being ~ 40 cm~! for NaOsO3 [226]. For SrVO,H, it was found
that the frequency shifts are much larger, on the order of 50 — 100 cm™! for both
H—V and V-0 in-plane modes. However, it is important to point out that the
spin-phonon coupling in SrVO3;H was only determined from the DFT calculations
by comparing the phonon frequencies for AFM SrVO.H to that of a non-magnetic
reference structure. This comparison is limited because the non-magnetic reference
structure is slightly distorted. In addition, the non-magnetic DFT calculation does
not consider paramagnetism, which should be present in StVO2oH even above the Néel
temperature. The Néel temperature of STVO2H is around 600 K and is accompanied
by the partial decomposition of the material. Thus, it was not possible to measure the

1Using the expansion I+ 2z ~ 1+ % for r < 1.
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Figure 6.19: INS spectra of SrVO3H, measured at 10 K (blue line) and infrared

spectrum measured at RT (red line) [210]. The fundamental peaks are marked with

their corresponding irreducible representations. The figure is adapted with permission

from Paper VIII [210].

INS spectra through the magnetic phase transition. Future studies on, for example,
the related strontium vanadium oxyhydrides SroVO3H, and Sr3V,0O5Hs with lower
Néel temperatures (below room temperature) [36], or other magnetic oxyhydrides,
would be interesting for further research.

6.2.4 Neutron scattering studies on other transition metal
oxyhydrides

6.2.4.1 Quasielastic neutron scattering on La,Sr; ,NiRuO,H,

In collaboration with the group of Prof. M. Hayward at Oxford University, QENS mea-
surements were also performed on the novel oxyhydride materials La,Sry_,NiRuO4Hy
with = 0.6,1.0, and 1.4. In these materials, which are based on the Ruddlesden-
Popper structure, the hydride anions occupy the equatorial anion sites, leading to a
layered structure of alternating (La/Sr)O and (Ni/Ru)Hs planes [158, 227]. Figure
6.20 shows the QENS spectra of LaSrsNiRuO4H, as measured on OSIRIS [228] at the
ISIS Neutron and Muon Source, which, with the used experimental set-up?, probes
dynamics on the timescales between ~ 1 — 80 ps. As can be seen, no quasielastic
signal could be observed for the La,Srs_,NiRuO,H, system with x = 0.6,1.0,, and
1.4 which means that no hydride ion diffusion was observed on the probed timescale
for temperatures < 600 K. This indicates that the hydride ion diffusion in these
materials is slower than about 80 ps (7 2 80 ps). It is hypothesized that this is due
to the lack of vacancies in these materials, as, based on neutron powder diffraction,
the anion sites are thought to be fully occupied [158].

2We used the PG(002) analyzers which provide an energy resolution of about 25 eV and an
accessible energy transfer range of £+ 0.4 meV.
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Figure 6.20: (a) QENS spectra for of LaSrsNiRuO4H, for different temperatures at
¢ =1.39 A=, as measured on OSIRIS at the ISIS Neutron and Muon Source. (b) Fit
to the QENS spectra for T = 575 K and ¢ = 1.49 A~1. As can be seen, the spectrum
can be fitted to a single delta function convoluted with the instrumental resolution
function, meaning that no QENS signal could be observed on the measured timescales
of OSIRIS. Further experimental details can be found at [229].

6.2.4.2 Vibrational dynamics in La;SroCoRhOgH,; and
LaSr3MnRh06H2

In the same collaboration with the group of Prof. M. Hayward at Oxford University,
the local structure and vibrational dynamics of hydride ions were investigated in the
two related oxyhydrides LasSroCoRhOgHs and LaSrsMnRhOgHs, using INS. These
two materials are isostructural to the La,Srs_,NiRuO4Hy4, however, there is an anion
disorder on the ’equatorial’ anion site, which is roughly 50% occupied by H™ and
50% occupied by 02~ [159]. Qualitatively, based on studies on similar materials
[44, 210, 230], one expect three modes of vibration for the hydride ions, one in each
direction of the lattice. Because of the low mass of the hydride ions, these modes
will be separated to higher frequencies (energies) than the rest of the vibrational
modes. Since the crystal structures of the materials are tetragonal (I4/mmm) [159],
one further expects three distinct hydride ion vibrational frequencies at the I'-point,
where the motion parallel to the hydrogen transition metal bond should have the
highest frequency due to the bond stretching nature of this mode. However, one
should note that there is a large chemical disorder in the materials (Rh/Co or Rh/Mn
disorder on the transition metal site, La/Sr disorder on the A-site, and H/O disorder
in the anion substructure), so one may still expect a wider distribution of frequencies
because of the disorder.

Figure 6.21 shows the INS spectra of the LasSroCoRhOgHy and LaSrsMnRhOgH,
samples measured at 10 K, using the FANS instrument at the NIST Center For
Neutron Research (NCNR), NIST, USA. As can be seen, the peaks in both samples
are relatively broad, which is most likely due to the large chemical disorder in the
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(b) _I_ La25r2CoRh05H2
LaSr3MnRh06H2

50 100 150 200
Neutron energy loss (meV)

Figure 6.21: (a) Illustration of the Ruddlesden-Popper crystal structure (I4/mmm)
of LagSroCoRhOgHy and LaSrsMnRhOgHsy. La/Sr atoms are illustrated as blue
spheres, oxygen atoms are illustrated as red spheres, and the transition metals
Rh/Co/Mn atoms as green spheres. The hydride ions are incorporated on the
‘equatorial’ site with an anion disorder (~ 50% H~ and 50% O27) illustrated as
the half-filled red/pink spheres [159]. (b)INS spectra of LasSroCoRhOgHy and
LaSrsMnRhOgHs measured on FANS at NCNR, NIST at 10 K. The spectra are
shown offset along the vertical axis for clarity.

systems. In the LasSroCoRhOgHsy, there is a sharp peak just below 150 meV, which
might be related to the Co/Rh—H stretching mode. Below this, there is a broad
band, which ranges from about 60 meV to 130 meV. This band likely corresponds
to H vibrations in the ab plane, which might be very broad due to the chemical and
structural disorder. In the bending mode, the hydride moves towards the La/Sr ions,
so this mode might be more sensitive to the chemical disorder in the system. For
LaSrsMnRhOgHs,, three relatively broad peaks are observed around 80 meV, 110 meV,
and 130 meV, which might be related to hydride vibrations along the three principal
axes of the lattice. One may note that the presumed stretching mode, around 130
meV, is significantly lower in energy than in LasSroCoRhOgHs, and might reflect
the slightly longer transition metal hydrogen bond length in LaSrsMnRhOgH, [159].
A quantitative analysis of the vibrational spectra, however, would require phonon
calculations in order to assign and interpret in detail all features of the INS spectra.
Such calculations might still be challenging because of the chemical disorder in the
system and the possible influence of short-range magnetic order, but they would be
interesting for future continuation studies.
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Chapter 7

Conclusions and outlook

As summarized in the previous Chapter, this thesis has provided new fundamental un-
derstanding of the local structure and dynamics in MHPs and perovskite oxyhydrides.
For FAPDI3, the rotational organic cation dynamics were probed and characterized in
detail in all three crystal phases using QENS. It was found that the FA cation rotations
are nearly isotropic, with almost no preferred orientations in the cubic perovskite
phase. In the intermediate temperature tetragonal phase, the FA cation was found to
undergo rotational dynamics between preferred orientations, with the main dynamics
being rotations around the N---N and C—H axes. In the low-temperature y-phase, an
even more complex cation dynamics were found, which is due to the formation of an
orientational glass of FA [58]. Importantly, it was further found that doping of MA™
leads to significantly different organic cation dynamics, which was found to be related
to the stabilization of the perovskite crystal structure in the mixed-cation systems
FA;_MA,Pbls. The vibrational dynamics in FA;_,MA,Pbls were further studied
using variable-temperature INS. A key result is that these materials exhibit completely
overdamped vibrational dynamics in their room-temperature cubic perovskite phase.
For MAPDI3, it was found that the overdamping of vibrational modes is directly
correlated with the onset of rotations of MA at the orthorhombic-to-tetragonal phase
transition around 165 K, whilst for FAPbI3, the phonon broadening is more gradual.
Crucially, it was further found that such overdamped vibrational dynamics are not
limited to the hybrid MHPs, but also are present in the cubic phase of CsPbls.
In CsPbls, the overdamped dynamics are related to relaxational octahedral tilting
dynamics, which are present at specific ¢ points. Lastly, the studies of organic cation
dynamics were extended to include the layered lead iodide perovskites PEA;Pbl, and
BA,Pbl,. It was found that these two prototypical layered MHPs are featured by
significantly different organic cation dynamics, whereas the PEA dynamics are much
more restricted in nature.

For the perovskite oxyhydrides, the hydride ion diffusion mechanism was studied
in detail in SrVOoH and BaTiOs_.H,. In SrVO.H, the hydride ion diffusion was
found to be restricted to the hydride-ion substructure. The diffusion mechanism could
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be described in terms of a correlated jump diffusion mechanism with an increased
rate for backward jumps. Such a correlated diffusion is due to the low number of
hydride-ion vacancies, which give rise to an increased backward jump rate. It thus
temporally localizes a hydride ion to a specific vacancy, which is expected to decrease
the long-range diffusion. For BaTiOs_,H,, a faster diffusion (about one magnitude
larger diffusion coeflicient) was observed, and no correlated diffusion mechanism could
be distinguished from the experimental data. This was most likely due to a large
number of oxygen vacancies in the studied barium titanate oxyhydride sample, which
provides a pathway for faster hydride diffusion. In both cases, however, the results
highlighted the importance of the concentration and distribution of anion vacancies
in the materials, and a promising way to improve the hydride-ion conductivity in
oxyhydrides would be to tune the concentration of hydride ion and concentration
and distribution of anion vacancies. The vibrational dynamics were also studied
in SrVOsH using INS. An important result of this study was that the vibrational
dynamics were found to be largely influenced by the antiferromagnetic ordering of
the material. Thus, this highlights important couplings between the magnetism and
hydride ion vibrational dynamics in magnetic oxyhydrides, an area which is virtually
unexplored so far.

There are many possibilities to extend the studies presented in this thesis. For
the MHPs, an important result was that MA doping of FAPbI3 leads to different
organic cation dynamics, which was found to be of importance for the stabilization
of the perovskite crystal structure. Interestingly, other dopants, e.g., Cs™ have also
been shown to be able to stabilize the perovskite structure and, in addition, change
the phase behaviour of FAPbI3 [15] and disrupt concerted FA cation dynamics in
FAPbBr; [104]. With a view towards the future, I plan to also investigate the effect of
Cs-doping on the local structure and dynamics of FA cations in FA;_,Cs,Pbls, using
QENS and INS, in a similar way as the studies presented here for FA;_(MA,Pbl;.
Initial QENS experiments have already been performed, and more measurements
are planned. The study on lattice dynamics would be interesting to expand to
similar materials, such as CsSnl; [231] and would provide additional insights into
the relationship between cation and overdamped fluctuations in MHPs. Another
interesting question concerns if similar overdamped dynamics of the octahedral tilting
modes, as observed in CsPbl3 and CsPbBrg, are also present in the hybrid perovskites,
such as MAPbI3 and FAPbI;. Previous studies have, to the best of my knowledge,
been unable to answer this question because, in neutron scattering, the signal is
dominated by the organic cations [191], and optical probes (Raman and IR) measure
only the phonons at the I-point of the Brillouin zone [30]. Inelastic X-ray scattering
studies have been performed on MAPDbI3, however, the energy resolution is worse
than for neutron scattering, making it particularly hard to probe soft phonon modes
[56, 232]. A possible way forward could be to use INS with polarization analysis.
Then one could separate the incoherent and coherent contributions on the scattering
signal and thus remove the large incoherent contribution from the organic cations and
focus on the coherent part, which should mainly contain contributions from the Pb-I
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substructure. For the layered (2D) MHPs, this thesis only investigated two different
materials, and there is a plethora of other materials left to explore. For example, a
recent QENS study has shown a correlation between broadband luminescence and
organic cation dynamics [135], thus making this an exciting topic for further studies
on organic cation dynamics in layered MHPs.

In the case of perovskite-type oxyhydrides, there is much left to understand regarding
the hydride ion diffusion mechanism. There are many interesting compounds left to
explore, and there are also interesting studies left to do on the more well-studied
systems. For example, in the case of barium titanate oxyhydrides, the studies in this
thesis only focused on samples with a relatively large number of oxygen vacancies.
An interesting follow-up study would be a more systematic approach where one tries
to determine the hydride diffusion in a series of samples which differs in their oxygen
vacancy and hydride ion concentrations. One difficulty with this is that it’s hard to
prepare such a series of samples with a systematic variation in oxygen vacancies and
hydride ion concentrations; in many cases, the resulting hydride and anion vacancy
concentrations appear almost random and thus seem hard to control [209]. However,
a recent study by Guo et al. [233] showed that a series of samples differing mainly
in oxygen vacancy concentration, with almost the same concentration of hydride
ions, could be synthesized using reduction with LiH at different temperatures. Thus,
this may provide a way forward towards understanding, in a more systematic way,
the influence of anion vacancy distribution on the hydride ion diffusion mechanism.
For SrVO.H, tuning the number of vacancies and/or hydride ion concentrations
might seem even more difficult. However, it has been shown that the hydride-ion
concentrations can be tuned in a similar strontium vanadium oxyhydride SroVO4_,H,
[234] using a high-pressure synthesis method. Thus, it’s clear that new synthesis
methods and novel compounds are also needed in order to advance the understanding
of hydride ion dynamics in transition metal oxyhydrides.

An interesting result in this thesis was that the vibrational dynamics in SrVO;H
were largely influenced by the magnetic ordering through the spin-phonon coupling.
This is an area which is, to the best of my knowledge, not studied at all for mag-
netic oxyhydrides. Experimental studies on spin-phonon coupling, using INS and/or
IR/Raman spectroscopy, in magnetically ordered oxyhydrides would thus be a very
interesting continuation study. Interesting compounds to explore include, for exam-
ple, SrCrOoH [153], LaSrCoO3Hg 7 [145], and the strontium vanadium oxyhydrides
Sl"gVOgH and SI‘3V205H2 [36].
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Chapter A

Perovskite solar cell principle

This appendix describes, in short, the working principle of a solar cell device based
on MHPs.

In a standard photovoltaic (PV) device (solar cell), the operating principle is based
on a so-called p-n junction. A p-n junction is the interface boundary between a n-type
and a p-type semiconductor. When the p-type and n-type semiconductors come in
contact, the Fermi levels of the two materials align, causing band bending near the
interface. This further creates a space charge layer, which gives rise to a built-in
electric field which can separate light-excited charge carriers in this region [235]. The
simplest PV device is thus simply a p-n junction. For example, most silicon solar cells
are based on this principle and consist of p-doped and n-doped Si crystals allowing
the creation of the PV device.

Metal halide perovskites are intrinsic semiconductors, so the Fermi level lies in
between the valence and conduction bands. There are several ways to make a PV
device from MHPs. The initial works were made with sensitized solar cells on TiO9
films [4]. However, in the later years, most work has shifted towards thin film devices,
where the MHP is present as a thin film. In a thin film perovskite solar cell device,
the MHP acts as the light-absorbing active layer and is typically sandwiched between
a p-type and an n-type semiconductor [236], which is illustrated in Figure A.1 (a). It
thus functions as a p-i-n (or n-i-p) junction, where the MHP works as the intrinsic (i)
semiconductor material. On top and below this construction, there are also electrodes,
allowing to conduct the resulting current. Typically, on top of the device, there
is a transparent conductive oxide (for example, indium tin oxide or fluorine-doped
tin oxide), which also allows the light to pass through. A schematic sketch of the
corresponding energy diagram of such a simple device is shown in Figure A.1 (b). The
Fermi level aligns to be the same in the materials, creating the band bending near
the interfaces and a built-in electric field. Upon light excitation, the photon excites
an electron from the valence band to the conduction band, creating an electron-hole
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Figure A.1: (a) Schematic sketch of a thin film perovskite PV device. The MHP
is sandwiched between an n-type and a p-type material, allowing separation of the
light-induced charge carriers. (b) Schematic sketch of the energy diagram of the
device in (a). Er, E., and F, denote the Fermi level, conduction band energy, and
valence band energy, respectively. The blue line indicates the excitation of electrons
from the valence to the conduction band by light. Note that the relative distances
and energies in the figure are just drawn as a sketch and might not be fully realistic.

pair in the MHP. Since the charge carrier diffusion lengths in MHPs are relatively
large [7], and the film is relatively thin, the excited charge carriers can diffuse until
they reach the built-in electric field, where they will be accelerated by the electric
field, inducing an electric current.
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