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Localized dynamics of organic cations in metal halide perovskites
Investigated using neutron scattering techniques

KANMING SHI

Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract

Metal halide perovskites (MHPs) are currently accumulating significant attention in
the last decade because of their excellent optoelectronic properties and great potential
for applications in, for example, solar cells and light-emitting diodes. However, the
nature of local structure and dynamics underpinning these optoelectronic properties
remain insufficiently understood.

This thesis focuses on investigations of local structure and dynamics in some
important MHP materials, by using quasielastic neutron scattering (QENS) and
inelastic neutron scattering (INS) techniques. More specifically, the QENS studies
focus on the lower-dimensional MHPs MBAMnCl; - 2H20, APbBrs (A = 1,3-PDA;
1,4-PDA; 1,3-XDA; 1,4-XDA) and (1,3 — XDA)2PbBrg. Further QENS studies have
been performed on the three-dimensional (3D) lead-free MHPs FASn X3 (X= Br, 1),
the vacancy-ordered double perovskite variant FA2Snlg. The INS study with a in-situ
illuminance environment has performed on a prototypical 3D MHP MAPDbBrs;.

For MBAMnClI;s - 2H5O, the results unraveled the nature of rotational dynamics
of the MBA cations and how they evolve with temperature. Specifically, it is shown
that the dynamics evolve from the functional groups -NHgs, -CHgs rotational diffusion
to a coupled multi-axial reorientation of the entire cation.

For APbBr4 (A =1,3-PDA; 1,4-PDA; 1,3-XDA; 1,4-XDA) and (1,3 — XDA)2PbBrs,
it is shown that the nature of the organic cation dynamics can be correlated to the
length and symmetry of the respective cation. Additionally, a comparison of the
dynamical results with the photoluminescent spectra of the materials indicate that
slower dynamics correlate with a lower thermal stability of photoluminescence due to
less dynamic disorder.

For FASn X3 (X= Br,I) and FA,Snlg the QENS results unravel the reorientational
dynamics of the FA cations and how they depend on halide ion and vacancy-ordering,
which modify the ratio of organic cation and the volume of the sublattice cavity.

In the study of MAPbBr3, for which the effect of light illumination on the local
structure and vibrational dynamics was investigated, the INS results reveal a small
yet distinct change of the local coordination of the MA cations upon light illumination
and polaron formation.

Keywords
molecular dynamics, quasielastic neutron scattering, inelasic neutron scattering, metal
halide perovskite, photoelectric conversion
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Chapter 1

Introduction

“Nature uses only the longest threads to weave her patterns, so each
small piece of her fabric reveals the organization of the entire tapestry.”

Richard Feynman

From the celestial motions to the atomic vibrational modes, from the architec-
ture of superclusters to the symmetries of crystal lattices, understanding the
structure and dynamics of matter has remained a continual and foundational
objective of scientific research. In a more practical context, a profound un-
derstanding of the structure and dynamics of materials facilitates the rational
design, predictive modeling, and performance optimization of novel functional
materials. Concurrently, rapid technological progress has further intensified
the urgency of developing materials for high-efficiency and sustainable energy
solutions, particularly with the recent surge in artificial intelligence (AI) tech-
nologies as supercomputer centers now demand massive amounts of electrical
power.! Within this landscape, the study of photovoltaic materials represents
one of the most impactful frontiers which enable the transduction of immense
energy potential from the Sun into clean electrical power. Beyond energy
conversion, these optoelectronic materials also play critical roles in diverse
fields, including communication, advanced displays, and lighting. >3
Perovskite is a class of material which has a special crystal structure. It was
first discovered almost two hundred years ago as CaTiO3, and it has regained
attention in the last decade due to its subclass of metal halide perovskites
(MHPs, typical chemical formula: ABX3 where A is usually an organic cation,
B is a metal cation, and X is a halide ion), which exhibit outstanding potential
in optoelectronic conversion devices.?% The conversion efficiency of the semi-
conductor materials is a crucial property that directly impacts the performance
of the device, where the efficiency of a single-junction solar cell based on MHPs
has increased from 14% to 27% over the past thirteen years.”* Compared to
other common inorganic semiconductors, one of the special characteristics of
MHPs is the lattice softness, which results in low-energy optical phonons. %10
At room temperature, both the A-site cations and the metal-halide sub-lattice

*The theoretical efficiency limit for a single-junction solar cell, known as the Shockley-
Queisser limit, is approximately 33.7%.8
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exhibit pronounced dynamic disorder.® As a result, the system hosts a complex
landscape of coupled interactions between the A-site cations, the inorganic sub-
lattices, and various quasiparticles or excitations, including excitons, phonons,
molecular rotors, and polarons. Meanwhile, as a critical research premise of
these, the local structure and dynamics of most MHPs remain insufficiently
understood.!! This absence presents a profound challenge to deciphering the
intricate internal interaction and coupling mechanism. Furthermore, the lack
of fundamental understanding hinders the development, integration, and com-
mercialization of devices based on these promising materials.

Neutron scattering is an advanced technique utilizing the neutron beams
for investigating structural and dynamical properties of materials. Benefiting
from its electrical neutrality and a mass on the same order as atomic nuclei, the
neutron, in contrast to photons and electrons, enables momentum and energy
transfer with the nuclei. This unique characteristic renders neutron scatter-
ing a powerful technique for probing both the crystal structure of materials
and their internal dynamics, specifically across the picosecond to nanosecond
timescales. On the other hand, owing to the significantly larger incoherent
scattering cross-section of hydrogen compared to the other elements, neut-
rons are highly sensitive to, and frequently employed for investigating, the
dynamics of organic molecules. Thus, neutron scattering has been broadly
used in probing the cation dynamics and crystal structure of MHPs. 232
The aim of this thesis is to systematically measure, analyze, and understand
the dynamical properties of different organic cations, including methylben-
zylammonium (C¢HsCHCH3NHY ), phenylenediammonium (CgHy(NH3)3T),
xylylenediammonium (CgHy(CHoNH3)3"), formamidinium (HC(NH,)3), and
methylammonium (CH3NHZ ), within some of the most promising MHPs on
the picosecond timescales. Furthermore, this thesis comparatively investigates
the correlations and interactions between the cation dynamics in MHPs and
the intrinsic structures of the organic cations, the inorganic sub-lattices, and
photogenerated excitons. The final aim is to construct a more comprehensive
landscape that systematically describes what influences the organic cation
dynamics and how they interact with their local environment, serving as the
”small piece of fabric” envisioned by Feynman that advances our understand-
ing of the interactions and couplings among the local dynamics, lattices, and
quasiparticles in soft-lattice, dynamically disordered functional materials. The
primary techniques employed for this study are quasielastic neutron scattering
(QENS) and inelastic neutron scattering (INS).



Chapter 2

Metal halide perovskites

General characteristics

The word ”perovskite” refers to a specific crystal structure first defined by
Gustav Rose’s discovery of the mineral calcium titanate (CaTiOs) in 1839.*
The crystal structure was first described in 1926 from Victor Goldschmidt’s
work on tolerance factors.?® However, its structure determination was not
achieved until 1945 when the crystal structure of the similar material barium
titanate (BaTiO3) was determined with XRD.34

Metal halide perovskites (MHPs) refer to perovskite structured materials,
similar to CaTiO3 and BaTiO3, but with the oxide ion (O?7) substituted for a
halide ion (e.g. C17, Br—, and I7). MHPs show great potential for application
in optoelectronic conversion devices.?3° Specifically, by benefiting from a
suitable and tunable bandgap, strong optical absorption, high defect tolerance,
and high free charge carrier density, MHPs show excellent performance in
generating, absorbing, and transferring photons and, hence, are promising for
application in both solar cells and light-emitting diodes (LEDs).¢ Additionally,
they are relatively easy to synthesize.?23?

With the increasing amount of research on MHPs over the last decade, the
conversion efficiency record of MHP single-junction solar cells increased from
14.1% to 26.7% (Figure 2.1), which is close to the best recorded silicon-based
solar cells (27.3%),” better than the conventional solar cell (14-19%) and
close to the single bandgap efficiency limit of 32.9%.3% Simultaneously, the
photoluminescence (PL) quantum yield" of MHPs such as MAPbBr; (MA
= methylammonium, CHgNH;) can approach 95-100%, which is promising
towards application in high-performance MHP LED devices.3"3® Additionally,
due to MHPs generally high absorption/emission efficiency and high defect
tolerance, they (e.g. MAPbBr3 and CsPbBr3) are promising for applications
in lasers.3%*! Owing to their tunable absorption, MHPs (e.g. MAPbCl3 and
MAPDI3) have also achieved significant progress in the fields of photodetection
in the ultraviolet and infrared regions, respectively.*? 44 Still, the extensive
commercial application of MHPs in actual devices continues to encounter

*The name perovskite comes after another mineralogist named Lev Perovski.
fQuantum yield is the number of photons emitted as a fraction of the number of photons
absorbed.
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Figure 2.1: Chart of the highest confirmed conversion efficiencies for research
single junction cells without solar power concentrator for a range of photovoltaic
technologies, plotted from 2000 to 2025.7 This plot is courtesy of the National
Renewable Energy Laboratory, Golden, CO.

barriers because of their limited stability (especially in humid environments),
large-scale device performance, and environmental hazard risk.

2.1 Structural properties

A typical MHP exhibits the three-dimensional (3D) ABXg3 perovskite structure
where A is an organic cation (e.g. MA™: methylammonium, FA™: form-
amidinium) or an alkali metal cation (e.g. Cs*, Rb*), B is a divalent metal
cation (e.g. Pb?T, Sn?T, and Mn?*), and X is a halide anion (e.g. C1~, Br™,
and I7). Each A-site cation is surrounded by eight [BXg] octahedra, where
each divalent metal ion is located inside of the octahedron, and each anion
is shared by 2 octahedra (Figure 2.2). Different modes of [BXg] octahedra
connectivity may result in structures of lower dimensions. Two-dimensional
(2D) MHPs are characterized by that each octahedron shares four vertexes with
four other octahedra and expands in a plane (e.g. [CH3(CH2)sNHgs|oPbly), as
shown in Figure 2.3.4% One-dimensional (1D) MHPs are characterised by that
each octahedron shares the vertex with the two closest octahedra shaped as a
line structure (e.g. C4NoH14PbBry).46 For zero-dimensional (0D) MHPs, each
octahedron does not connect or share any vertex to any other octahedra (e.g.
CS4PbI6).47

Several 3D MHPs have a cubic phase at relatively high temperatures and a
tetragonal or orthorhombic phase at lower temperatures. For example, as shown
in Figure 2.4, MAPbI3 has an orthorhombic phase below 165 K, a tetragonal
phase between 165 and 327 K, and a cubic phase above 327 K.4® FAPbI; has
a tetragonal phase below 151 K, another tetragonal phase (less distorted from
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Figure 2.2: Schematic illustration of the cubic ABX3 MHP structure. Color
scheme: purple spheres (halide anions), gray spheres (metal cations), orange
spheres (A-site cations), brown spheres (carbons), light blue spheres (nitrogens),
light pink spheres (hydrogens).

Figure 2.3: Schematic of the various ”dimensionality” of MHPs. Color scheme:
orange spheres/ellipsoids (A-site cations), gray spheres (B-site metal cations),
purple spheres (X-site halide anions).

cubic phase) between 151 and 299 K, and a cubic phase above 299 K.%? These
different phase change temperatures, from the same inorganic sublattice but
differnt A-site cations, show the clear relation from organic cation dynamics to
the MHP structure aligned with the previous study.12:13:27:30,31

In the last decade, lower-dimensional MHPs have been proposed as al-
ternatives to their 3D counterparts, because the benefit of their more stable
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Figure 2.4: Phase transition temperatures diagram of MAPbI34® and FAPbI349.

exciton with fast radiative decay can improve the luminescence efficiency of this
class of semiconductors. At the same time, the lower dimensional architecture
gives them stability and relaxes geometrical constraints, giving access to a
wider range of chemical compositions,®® and has emerged as promising white
phosphors. ®!

In addition to the effects that the octahedral framework has on the structure
of MHPs, adjusting the A-site cation can also introduce unique structural and
optoelectronic properties. Recently, there has been a growing trend of using
chiral organic cations.t Chiral MHPs are becoming attractive to researchers
because of their unique characteristics including circular dichroism (CD), and
circularly polarized PL spectrum.®?3 Interestingly, studies have shown that
the chirality of the organic cation is transferred to the inorganic sub-lattice,
which implies that the luminescence is circularly polarized.®? By adjusting the
sequence of enantiomer (R or S) of the chiral organic cation in MHPs, the
polarization direction of circularly polarized PL can be modulated.’? Since the
first chiral MHP s-methylbenzylammonium (Figure 2.5a) lead bromide ([(S)-
MBA][PbBr3]) was reported, 5 a series of 2D /1D chiral MHPs have indeed been
developed.®? Figure 2.5b shows the crystal structures of the 2D chiral MHPs
(R-/(S)-MBA)PbIs, as well as of the racemic composition ((R)-MBA)I:((S)-
MBA)I = 1:1.52 Though some reports about the dynamics in chiral MHPs
have been published,>®°% very little generally is known about the dynamics in
these materials.

2.2 Dynamical properties

As described previously, the structural properties of MHPs profoundly influence
their optical characteristics. However, it has been discovered that the dynamics
of these materials influence both the structure and optical performance of
MHPs. 5760 Hence, understanding the dynamical properties of MHPs is key to
optimizing them for various technological applications.

The dynamical properties of MHPs may be divided into vibrational dynamics
of the inorganic perovskite lattice, %52 rotational and vibrational dynamics of

fChirality refers to a fundamental structural property that a chiral structure cannot be
completely superimposed on a mirror image of itself through rotation and translation, one
of a pair of chiral symmetric structures is called an enantiomer which can be differentiated
between R and S. R comes from the Latin rectus (right), S comes from the Latin sinister
(left). When the R and S cations account for 50% each, the circularly polarized luminescence
characteristics of the material may disappear, and the material is called racemic (rac).
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Figure 2.5: Schematic diagrams of a. The chiral ligands: MBA (methyl-
benzylammonium), and b. Single-crystal structures of 2D chiral MHPs :
(R)-MBA,Pbly, (S)-MBA,;Pbl,, and 2D achiral MHP: rac-MBA,;Pbl, with
their different precursors ratio (R-/(S)-MBA)I:Pbl, for synthesis. The dashed
lines can be considered as the "mirror” for enantiomers.®? Used with permission
of (©) Springer Nature BV, from Long, G., Sabatini, R., Saidaminov, M.I. et al.
Chiral-perovskite optoelectronics. Nat Rev Mater 5, 423-439 (2020); permission
conveyed through Copyright Clearance Center, Inc.

the organic cation, '2:63:64 and possibly, but with lower probability, translational

dynamics of ions. 65:66

Of particular concern in this thesis is the organic cation dynamics, which
have been invoked to explain several structural and optoelectronic properties of
MHPs, besides being of great fundamental interest. As an example from 1978,
structural studies of MAPbBr3 suggested that at room temperature the PbBrg
octahedra remain undistorted due to the dynamics of the MA cations.%” As
another example, the rotation of the MA cation has been suggested to lead to
the formation of ferroelectric domains, which in turn control the ferroelectric
polarization of MHPs. '3:58 Subsequent research revealed that the reorientation
of the organic cations affects the tilting of the perovskite octahedra, which
can break and help in the formation of hydrogen bonds between the organic
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cation and the octahedra, and this is considered one of the reasons for phase
separation in MHPs. %9 Lately, there also have been several studies suggesting
that the reorientational dynamics of cations are one of the causes of charge
screening, with consequent stabilization of photogenerated charge carriers and
prevention of fast charge recombination.®”-7°

Rotational diffusion

In recent years, dynamical properties of organic cations have been investigated
through QENS, 12716:18,20,21,24-30 pyclear magnetic resonance (NMR), 1™ and
infrared (IR) spectroscopy. 4" Meanwhile, a lot of computational work by
molecular dynamics (MD) simulations has been also performed.”®""® These
experiments and simulations have characterized the timescale, geometry, and
activation energy of the dynamics of organic cations in various MHPs, and in
some cases explored their correlation with properties such as antiferroelectric
or ferroelectric behaviour,!? crystal structure,? stability,%® and photovoltaic
hysteresis. ™ Most studies have focused on MAPbX3 (X = Cl, Br, and I)
and FAPbX3; (X = Cl, Br, and I). These results show that the dynamics of
the organic cation can be generally explained as localized ” jump-diffusion”$
dynamics over a specific number of sites which depends on the symmetry of
the organic cation as well as the symmetry of the surrounding inorganic MHP
framework.

Table 2.1 shows a summary of key dynamical properties for MAPbI3 and
FAPDI3, as obtained from previous studies. As can be seen, the localized dynam-
ics of MA and FA cations occur on the timescale of picoseconds. For MAPbI3,
the dynamics evolve from 3-fold (C3) jump-diffusion of methyl and ammonium
around the C-N axis, in the low-temperature (7'< 165 K) orthorhombic phase,
to Cs jump diffusion coupling with 4-fold (C,) jump diffusion of the C-N axis in
the intermediate-temperature (165 K <7< 327 K) tetragonal phase and high-
temperature (7> 327 K) cubic phase (Figure 2.6).12 For FAPbI3, the dynamics
evolve from C4 jump diffusion around the N-N axis in the low-temperature
(T< 285 K) tetragonal phase to isotropic reorientational diffusion3! or tri-axis
(N-N axis, C-H axis, and the vertical axis) rotational diffusion? in the high-
temperature (7> 285 K) cubic phase (Figure 2.6). Besides MAPbI3 and
FAPDI3, the organic cations dynamics in the halogen-substituted materials
MAPDbBr3, 1415 MAPDBCI3,2%2t and FAPbBrs, 2?2730 have been also invest-
igated using QENS. The results of these studies show that the MA and FA
cation dynamics are affected by the type of X-site halide, but the main types of
jump-diffusion mechanisms persist. Furthermore, mixed-cation systems, such
as FA,MA,_,Pbls,%62" and MAPDI5 94Clg.06,2° have been investigated. In
general, the A-site organic cation dynamics in these MHPs with different X-site
ions show similar geometry in the same phase with a variance in the timescale
and the activation energy of the dynamics.

Compared to 3D MHPs, fewer QENS studies have focused on investigations

§Jump diffusion refers to an atom ”jumping” from one site to another. The time for a
jump is considered to be negligible. The time between two consecutive jumps is called the
residence time.
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Figure 2.6: Schematic illustration of localized dynamics of MA and FA cations
in APbX3 (A = MA, FA; X = Cl, Br, and I).

Table 2.1: Compilation of dynamics data for MA and FA dynamics in MAPbI3
and FAPDI3, respectively.

Method Cs (r,T) Cy (1, T) Reference No.
0.82 ps 4.70 ps 19
QENS 300 K 300 K
NMR 0.576 ps 1.73 ps 79
(H, N) 300 K 300 K
MAPbDI3 NMR 0.15 ps 1.95 ps 2
(tetragonal)  (2H, 'N) 298 K 298 K
2D IR 3 s 74
room temperature
2D IR 3 ps 75
room temperature
Method rotational diffusion (7,T) Reference No.
C6 ! 1;13\.14;;1 1.5 ps
QENS 4 Isotropic 31
140 - 285 K 350 K
(tetragonal)
2
: 217 14
(cubic) (*H, **N) 294 K

0.38 ps N-N axis
NMR 1.05 ps C-H axis ,
(?H, '*N) 1.3 ps vertical axis
298 K
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of the organic cation dynamics in lower dimensional MHPs. These studies are
limited to QENS studies of the 2D MHP (OA);Pbl; (OA = octylammonium),
and AsPbBry [A = n-butylammonium (nBA), 1,8-diaminooctammonium (ODA),
and 4-aminobutyric acid (GABA)]. Figure 2.7 shows that the organic cation
octylammonium has 2-fold (Cz) rotation of the head group NH3—CHs, Cg
rotation of the terminal -CH3 and -NH3 groups, and librations of the -CHs-
group at different temperatures.?? Figure 2.8 shows that the organic cation
nBA and ODA exhibits Cy rotation of the head group NH3—CHs, C3 rotation
of the terminal -CHg and -NHj3 groups, and librations of the -CHs- group. The
organic cation GABA only has C3 rotation of the partial -NHj3 group.2® It has
also been reported that the larger A-site cation dynamics radii could lead to
less broadband luminescence by reducing the octahedral out-of-plane tilt angle
in layered halide perovskites. 2®

Vibrational dynamics

Because of the strong exciton-phonon coupling in MHPs, probing and compre-
hending these vibrational modes is essential to understanding the mechanisms
of their optoelectronic properties. There have been many reports about the
vibrational dynamics of MHPs. On the theoretical side, density functional
theory (DFT) and molecular dynamics (MD) simulations have been widely

Figure 2.7: Rotational diffusion modes of the OA cation in different phases of
(OA)2Pbly including (A), (B): high-temperature orthorhombic phase: Cs of
-CHjz, Co®C3 of -NHj3, Cs of the adjacent -CHs-, and slow librations of other
-CHs- groups. And (C): intermediate and low-temperature monoclinic phases:
C3 of -CH3 and -NHj3.22 Used with permission of (C) American Institute of
Physics, from Hu, Xiao; Zhang, Depei et al. Crystal structures and rotational
dynamics of a two-dimensional metal halide perovskite (OA )2 Pbly. Chem.
Phys. 7 January 2020; 152 (1): 014703; permission conveyed through Copyright
Clearance Center, Inc.
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Figure 2.8: Rotational diffusion modes of the cations in A3PbBry (A = nBA,

ODA, and GABA).?® Copyright (C) 2022 American Chemical Society, CC BY,
from Alexandra A. Koegel, James R. Neilson, et. al.

applied, 798981 while experimental study to phonon dynamics has relied on
infrared (IR) spectroscopy, °®:82:83 Raman spectroscopy, 3 ®¢ and inelastic neut-
ron scattering (INS).16:87-89

Using the prototypical MHP MAPbDI3 as an example, its vibrational modes
are commonly classified into internal vibrations of the organic MA cations,
internal vibrations of the inorganic framework, and low-frequency cation lib-
rations that are intimately coupled to framework motions (Fig 2.9).8' Owing
to the intrinsically soft lattice of MHPs, these vibrational degrees of freedom
give rise to rich and unconventional lattice dynamics, including overdamped
phonons, significant anharmonicity, and dynamic octahedral tilting.°%9! Bey-
ond lattice dynamics in equilibrium, increased attention has been paid to the
interaction between photogenerated excitations and phonons. In this context,
polaron-based descriptions have emerged as a central theoretical framework
for capturing charge-lattice coupling in MHPs.5792:93 Experimentally, only
a small number of studies have employed transient mid-infrared (MIR) spec-
troscopy to directly track light-induced modifications of the inorganic lattice
vibrations. %496 Even fewer investigations have addressed how photoexcitation
perturbs the orientational and vibrational dynamics of the organic cations,
leaving this aspect of nonequilibrium lattice dynamics largely unexplored. ™

2.3 Metal halide perovskites studied in this thesis

The work in this thesis has focused on studies of different cations in the different
dimension of MHPs, including the 3D formamidinium (FA = HC(NHz)3) tin
halide perovskite (FASnX3, X = Cl, Br), FA;Snlg, and methylammonium (MA,
CH3NHZ ) lead bromide (MAPbBr3). the 2D phenylenediammonium/ xylylene-
diammonium PDA/XDA, PDA = CgH,(NH;3)3" XDA = CgH4(CH,NH;3)31))
lead bromide perovskite (APbBry, A = 1,3-PDA; 1,4-PDA; 1,4-XDA), the 0D
MHP 1,3-(XDA)2PbBrg, and the methylbenzylammonium (MBA = CgH; CHCH3NH3)



12 CHAPTER 2. METAL HALIDE PEROVSKITES

Figure 2.9: Schematic representation of some representative normal modes
of vibration of (a) the Pbl inorganic framework measured by IR, (b) the Pbl
inorganic framework measured by Raman, and (c) the librations/translations
of the MA cations measured by IR. The Pbl octahedra are shaded, the Pb
and I atoms are in black and gray color, respectively. Used with permission
of (© American Chemical Society, from Miguel A. Perez-Osorio; Feliciano
Giustino et al. Vibrational Properties of the Organic—Inorganic Halide Per-
ovskite CH3NH3Pbl3 from Theory and Experiment: Factor Group Analysis,
First-Principles Calculations, and Low-Temperature Infrared Spectra. J. Phys.
Chem. C 2015, 119, 46, 25703-25718; permission conveyed through Copyright
Clearance Center, Inc.

manganese halide chiral perovskite (MBAMnCl3-2H50). This study aims to
comprehensively analyze and understand the factors that influence the organic
cation dynamics within MHPs from the different compositions (different A,
B, X-site ions) and structures (geometry of the organic cations and lattice
structure).

2.3.1 (R)-/(S)-MBAMnC]l;-2H,O

(R)-/(S)-MBAMnCIl3-2H50 represents a novel chiral 0D MHP, that was first
reported in 2022 and that exhibits white light emission upon excitation at 330
nm. %" Structurally, (R)-/(S)-MBAMnCl3-2H,0 exhibits a monoclinic structure
of the Py group, with the lattice parameters of a = 6(2) A, b = 36.409 A,
and ¢ = 6.377 A.97 It may be described as a 0D structure where two Mn-Cl
octahedra, with two of the Cl~ replaced by HyO molecules, bridge by two of
these HyO molecules. This is then surrounded by large hydrogen-bonded MBA
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cations (Figure 2.10).

These structural results were obtained from single crystal XRD (SC-XRD)
on a single crystal sample at 100 K, however, with an non-neglectable, and
crystallographically unacceptable large uncertainty in the lattice parameter a
= 6(2) A.97 For this purpose, I have re-investigated the crystal structure of
(R)-/(S)-MBAMnCl3-2H50, using SC-XRD, with the aim of a more accurate
description of the crystal structure. In addition, I have investigated the nature
of organic cation dynamics in (R)-/(S)-MBAMnCls-2H50 by using QENS, with
the following main questions being targeted:

e [s it possible to obtain a more accurate description of the crystal structure
of MBAMnNCI3-2H50 on the basis of SC-XRD measurements?

e [s there any different phase of MBAMnCI3-2H,O7 If so, which is the
main phase in the sample?

e What is the nature of the localized dynamics of the chiral organic cation
(R)-MBA and (S)-MBA in (R)-/(S)-MBAMnCl3-2H50 including its geo-
metry and timescale of the dynamics? How do the dynamics correlate to
the investigated temperature and the type of enantiomer?

2.3.2 APbBr, (A = 1,3-PDA; 1,4-PDA; 1,4-XDA) and
(1,3-XDA)2PbBI‘6

The here investigated materials, i.e., APbBry (A = 1,3-PDA; 1,4-PDA; 1,4-
XDA) 2D MHPs and (1,3-XDA);PbBrg 0D MHP [Figure 2.11(a)] represent
a new series of low-dimensional MHPs with interesting structural and optical
properties. % Specifically, the shorter cations (1,3-PDA and 1,4-PDA) result
in a broad emission centred at around 550 nm, whereas the longer cations
(1,3-XDA and 1,4-XDA) result in a narrower emission centred at around 430 nm
[Figure 2.11(b)]. In this context, the organic cation dynamics in these different
materials have been investigated to reveal if and how the dynamics could have
influence to their different luminescence. The following main questions have
been targeted:

Figure 2.10: Schematic illustration of the MBAMnCl3-2H5O structure, with
the unit cell indicated.
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Figure 2.11: (a) Crystal structures of APbBry (A = 1,3-PDA; 1,4-PDA; 14-
XDA) 2D MHPs and (1,3-XDA);PbBrg 0D MHP, as determined by single-
crystal X-ray diffraction. (b) PL emission spectra of the respective material
(the weaker intensity from 1,3-PDAPbBr4 and (1,3-XDA)2PbBrg have been
shown as 20 times stronger in the figure).®

e What is the nature of the localized diffusional dynamics of organic cations
in APbBry (A = 1,3-PDA; 1,4-PDA; 1,4-XDA) and (1,3-XDA),PbBrg,
and how does it depend on temperature?

e What is the relation among the localized distortions of the PbBrg octa-
hedron, structure of different diammoniums, and the localized diffusional
dynamics of organic cations?

e What is the correlation between organic cation dynamics and lumines-
cence?

2.3.3 FASnX; (X=Cl, Br) and FA,Snl;

Although Pb-based MHPs such as FAPbl3 and MAPbI3 show promising photo-
electric conversion performance, regrettably, Pb is toxic which brings a potential
hazard risk to the environment. Therefore, much research is currently focused
on the investigation of Pb-free MHPs. %7192 In this context, Sn-based MHPs
are considered to be one of the most attractive substitutions of Pb-based
MHPs. 93% With the suitable ionic radius of Sn?T and bandgap for optoelec-
tronic applications, Sn-based MHPs are considered as a new way for lead-free
MHPs. 1% Similarly to FAPbI3, FASnl; undergoes temperature-dependent
phase changes. More specifically, FASnlI3 exhibits a cubic « phase (space group
Pm3m) at above 275 K, a tetragonal 8 phase (space group P4/mbm) at 150

11t is worth pointing out that the acidic degradation subproducts and oxidation of the
Sn2*t are also considered as potential hazard risks. 103
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- 250 K, and an orthorhombic 7 phase (space group Pnma) at below 125 K
(Figure 2.12).19° As it may have been noticed, there are temperature gaps
between different phases because FASnl3 shows a second-order phase transition
with mixed phases. %% FA,Snlg is a vacancy-ordered metal halide double per-
ovskitel (Figure 2.13).1% However, the dynamical properties of these materials,
especially regarding the FA cation dynamics, are still unknown. Here, I have
focused on the investigations of the following unsolved research questions:

e What is the nature of localized diffusional dynamics of FA in FASn X3 (X

I Double perovskites refer to a perovskite [A2B(II)B’(I1)Xg or AB(IV)Xg] with a long-
range ordered unit cell whose size is doubling the AB(II)X3 perovskite.

Figure 2.12: Structural evolution of FASnl3 with temperature. Atomic dis-
placement parameters are shown as 50% probability ellipsoids. Colour scheme:
orange spheres (FA), purple spheres (I).% Copyright (©) American Chemical
Society, CC BY, from Emily C. Schueller, Geneva Laurita, et. al.

FA

FA,Snl,
FASHI,

Figure 2.13: Schematic illustration of the inorganic framework of the cubic
phase of FASnl3 and FA,Snlg. The black lines refer to the unit cell. Colour
scheme: orange spheres (FA), brown sphere (C), light blue speheres (N), light
pink spheres (H), purple spheres (I), grey spheres (Sn).105:106
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= Cl, Br) and FA,Snlg, such as the geometry, timescale, and activation
energy of the dynamics?

e How do the localized dynamics of FA cations change with temperature
in FASn X3 (X=Cl, Br) and FA5Snlg?

e How does the FA cation dynamics compare with the FA cation dynamics
in prototypical FAPbX3 (X=Cl, Br, I)?

2.3.4 MAPDBr;

MAPDBr3 is a prototypical 3D MHP that has been extensively studied for solar
cell and LED applications due to its exceptional power conversion efficiency.
It exhibits a cubic phase (Pm3m) at room temperature, transitioning to a
tetragonal phase (I4/mcm) below approximately 240 K and an orthorhombic
phase (Pnma) below approximately 150 K (Figure 2.14). Its absorption and
emission peaks are located at approximately 525 nm and 540 nm, respectively.
However, the mechanisms underlying its superior optoelectronic performance
remain a subject of debate, particularly regarding the influence and specific
role of the organic cations.

In this context, the vibrational dynamics of MAPbBr3 have been investig-
ated through INS under in-situ illumination conditions. Here, I have focused
on the investigations of the following unsolved research questions:

e What is the nature of vibrational dynamics of MAPbBr3?

e What is the nature of vibrational dynamics of optical-excited-state
MAPDBr3?

e How does the exciton affect the vibrational dynamics of MAPbBr3?

MA (CH,NH,)

~240 K ~150 K

Cubic (Pm3m) Tetragonal (/4/mcm) Orthorhombic (Pnma)

Figure 2.14: Schematic illustration of the MA cation and inorganic framework
of MAPbBrj in different phases. Colour scheme of inorganic framework: Brown
spheres (I), grey spheres (Pb). 107,108



Chapter 3

Methodology of Neutron
scattering

This chapter begins with a short historical account of the discovery and basic
properties of the neutron and then gives the theoretical background needed to

understand the key characteristics of the main experimental techniques used in
this thesis, 7.e. QENS and INS.

3.1 The basic properties of neutron

The concept of the neutron was built by Ernest Rutherford in 1920, named
by William Harkins in 1921, and the evidence of its existence was found
by James Chadwick in 1931 and published in 1932.1997111 The neutron is a
subatomic particle, whose mass is close to the proton and much larger than
the electron.? Compared to the proton, a neutron is composed of one up
quark, two down quarks, and gluons, which leads to its electrical neutrality.
Still, the distribution of quarks with spin angular momentum +1/2 i makes
the neutron possess a weak magnetic moment. 3 It has a relatively long mean
lifetime (885.7 s) compared to most other unstable subatomic particles. '
With electrical neutrality, weak magnetic moment, and a relatively long lifetime
neutron scattering techniques can be used to investigate the structure, dynamics,
and magnetism of a material. The probed length and energy scales are closely
related to the wavelength and energy of the neutron (Table 3.1). In this thesis,
cold neutrons (0.05 meV <E< 14 meV) have been used.

3.2 Scattering theory*

Figure 3.1 shows the general geometry of a neutron scattering process, in which
an incident neutron with wavevector k; and kinetic energy FEj is scattered on a
sample. The neutron is scattered to a solid angle d{) with scattering angle 6
and azimuthal angle ®, and the wavevector and kinetic energy of the scattered
neutron are kf and FE.

*Magnetic neutron scattering is out of the scope for the thesis, hence the description of
the scattering theory is focused on nuclear neutron scattering.

17
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Table 3.1: Classification of neutrons according to their energy and wavelength .

Classification Energy Wavelength
Ultra cold neutron < 0.05 meV 40 A <

Cold neutron 0.05 meV - 14 meV 2.4 - 40 A
Thermal neutron 14 meV - 200 meV ~ 0.6-2.4 A
Hot neutron 200 meV - 1 eV 0.3-0.6 A
Epithermal neutron 1eV < <03A

Figure 3.1: Schematic illustration of the scattering geometry. The incident
neutrons with wavevector k; and kinetic energy F; scatter on the sample with
the scattering angle # and azimuthal angle ¢. The neutrons with wavevector
k: and kinetic energy Ef are scattered into the solid angle element d2.

One of the most crucial aspects of a material subjected to neutron scattering
is its ability to scatter, transmit, and absorb neutrons. Except for the absorption,
these abilities may be described by the neutron scattering cross-section ¢ which
describes the ratio of scattered neutron rate to the incident neutron flux W!13:

Nscattered /sec.
= /7 3.1
g = Mt (3.)
do . 1 NdQ/sec.
QU dQ (3:2)

The magnitude of the scattering strength depends on the nuclei, which varies
with the isotope and can be described by its scattering length b (more detailed
definition and derivation can be found in Appendix B.1):

do

m:w (3.3)

During the scattering, the exchange of momentum is defined as:
p=nh(ki — k) =hQ (3.4)
where Q is the change of neutron wavevector, and the exchange of energy:

E=FE, — Er = hw (3.5)
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where w represents the change in the neutron wave’s angular frequency.

Due to the consideration of energy variation, energy dependence needs to be
accounted for in the scattering equations. This is done in the double differential
cross section which is proportional to the number of neutrons scattered per
time unit into a small solid angle with final energy from Ey to Ef 4+ dEy:

s 1 naqysec. € [Ey; By + dEy]
dQdE; ¥ dQUE

(3.6)

The structure factor S(Q, F), as a more experimental index that focuses on
the Q and E from the sample but not the incident or scattered neutron can be
adapted from the double differential cross-section:

Po _ ok
dQdE; — 4x k;

By taking the Fourier transform of S(Q, F) one can obtain the time-related
intermediate function 1(Q,t), and the Van Hove correlation function G(R,t),
respectively. The space-time correlation function G(R,t) describes the probab-
ility of finding a particle at position R at time t.

S(Q,E) (3.7)

S(Q,E) = I(Q,t) = G(R, 1) (3.8)

Therefore, the relation between the neutron scattering process and the space-
time information of atoms in the material can be found, and the dynamical
properties of the atoms can be further analyzed. For a more detailed definition
and derivation of the double differential cross section and correlation functions,
the reader is referred to Appendix B.2.

3.3 Coherent and incoherent scattering

Nuclear neutron scattering involves both coherent and incoherent parts. Co-
herent scattering involves correlations between the position of a nucleus j
at the initial time and the position of the other nucleus j* at a later time.
Therefore, it describes the interference effect of waves produced by neutrons
interacting with all the nuclei in the sample. It provides information about
the collective motions and correlations among different nuclei, such as phonons
or structural arrangements in a material. Incoherent scattering, on the other
hand, involves correlations between the position of the same nucleus j at an
initial time and its position at a later time ¢. In incoherent scattering, the
scattered waves from different nuclei do not interfere with each other. In
dynamics studies, incoherent scattering reflects the motion of individual atoms
or molecules rather than collective motions. The strength of the coherent and
incoherent scattering depends on the coherent and incoherent cross-section of
the isotopes in the sample. As shown in Figure 3.2, 'H has a very large total
scattering cross-section (mainly contributed by the incoherent cross-section)
which shows that neutron scattering is often a very powerful technique for
the study of single-particle self-dynamics of hydrogen in many materials. The
detailed derivation of the coherent and incoherent cross section can be found
in Appendix B.2.
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Figure 3.2: Schematic illustration and data of the incoherent and total cross
section for different nuclei (1 barn = 1 - 1072% m?).

3.4 Quasielastic neutron scattering

Figure 3.3 shows a general neutron scattering spectrum, plotted as scattering
intensity versus energy transfer. The spectrum may be divided into three parts:
elastic scattering, quasielastic scattering, and inelastic scattering. Elastic
scattering refers to scattering with no energy transfer between the neutron and
the nuclei. Quasielastic neutron scattering refers to scattering with a slight
energy transfer between the neutron and the nuclei. It is characterized by a
broadening of the elastic peak usually coming from atomic diffusion.

While quasielastic and inelastic scattering can be coherent in nature, this
thesis focuses on studies of hydrogen dynamics in material. Since hydrogen
scatters mainly incoherently (see Figure 3.2), the quasielastic signal can be
approximately treated as incoherent [S(Q, E) ~ Sinc(Q, E), I(Q,t) = Iin.(Q,t)].
The correlation function G(R,t) for the incoherent scattering can be used
to describe the probability of an atom itself can be found at position R
marked as Gs(R,t). The links among these three correlation functions through
the reversible Fourier transform are the key to investigating the atomic self-

Figure 3.3: Schematic of elastic, quasielastic, and inelastic scattering peaks in
S(E).
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diffusional dynamics through quasielastic neutron scattering:

Sinc(Qv E) g Iinc(Qv t) g Gs(Rv t) (39)

Analysis of QENS data

In the analysis of QENS data, the neutron scattering spectrum is normally
approximated with a function of the form:

Sine(Q, B) ox Ai=o(Q)3(E) + Y Ai(@Q)L:(Q, E) (3.10)
i#£0

Here, the first term A;—o(Q)J(E) describes the elastic scattering. The second
term is a series of Lorentzian functions £(Q, E):

1 (@)
S L (C)

with half-width-at-half-maximum (HWHM) ~, which describes the quasielastic
scattering. The 0 < A4;(Q) < 1 are the normalized @ dependent amplitude
of structure factors (>, A;(Q) = 1). The v has a reciprocal relation to the
correlation time 7 (v = h/7), and 7/h can describe the diffusion rate of the
diffusing atom from one position to the other correlated positions.

The QENS can arise from long-range translational diffusion and/or localized
diffusion of atoms. Long-range translational diffusion, which refers to the
probability of the mobile species returning to the initial position approaches
zero after a relatively long time [G4(R(t = 0),t — +00) = 0], is commonly
observed in liquid samples and ionic conductors. For long-range diffusion,
the correlation time 7(Q) follows Brownian translational diffusion and the
incoherent scattering function can be found at a limited -value which can be

(3.11)

described by Einstein’s random walk theory !15:
1 DQ?
Sinc 7hw R S 3.12
(@, hw) T w? + (DQ?)? (3.12)
(3.13)

where D is the diffusion coefficient, and 7(Q)~! = DQ? when v(Q) = h/7(Q) =
hDQ?.

Localized diffusion refers to the probability of the mobile species to return
to the initial position approaches a constant ¢ (0 < ¢ < 1) after a relatively
long time [Gs(R(t = 0),t — +00) = ¢]. For localized diffusion, two important
conclusions can be found:

1. The HWHM ~(Q) of Lorentzian is () independent, which can be understood
by the probability, that the nuclei can be found at position R at a long enough
time, is independent of the initial position;

2. The amplitude Ay does not equal 0 at Q—0 of the localized diffusion,
unlike the long diffusion which can be obtained from the Fourier transform:

Gs(R,t — +00) = 0 Z I (R,t — +00) =0 2 45 = 0.
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These statements can thus help to distinguish whether the dynamics ob-
served in an experiment are of long-range or localized character. For the
localized diffusion, the correlation time (7) from the dynamics giving rise to
QENS can be derived from:

T="h/y (3.14)

In a limited temperature range (Ty < T < T1) with a relatively ideally tiny
change of the external influence (e.g. the same crystal phase), the molecular
dynamical activation energy F, often can be found by following the Arrhenius
equation through the fitting of temperature-dependent 7 results:

7(T) = 7(Tp) - e~ B/ oo () (3.15)

where kg is the Boltzmann constant.

As described before, the localized diffusion will bring a fixed probability that
a self-diffusing nucleus can be found within a bounded space, [Gs(Ri=o,t —
+00) — ¢, where the relative intensity of this elastic component is known as
the elastic incoherent structure factor (EISF=A,) (the derivation process can
be obtained in Appendix B.4). EISF can be experimentally calculated by
the ratio of the area of the elastic peak to the area of the elastic peak plus
quasielastic peak(s) i.e.:

Areaelastic

EISF = (3.16)

Areaelastic + Areaquasielastic
The EISF contains information about the geometry of localized dynamics. As
shown in Figure 3.4, it decays from 1 at () = 0, and varies by the spatial
information of the atom including the number of residence positions N and the
distances d among the positions (d = |R; — R;|). For the simple equivalent site
jump-diffusion cases (equal mean residence time and jump distance), the EISF
is approaching the reciprocal of the number of residence positions at larger @,
and the @) position of the lowest value of EISF is proportional to the reciprocal
of the jump distance. The information about geometry contained by EISF
needs to be extracted by a suitable diffusion model which can fit the EISF and
also follows the laws of physics and chemistry.

Figure 3.5 shows several commonly used diffusion models, including the
2-site jump-diffusion model which considers the particle jump between 2 sites.
Its mean residence times are 7 and 75 and jump distance is d = |[R; — Ry|
[Figure 3.5(a)].1*® And the N-fold jump-diffusion model which is supposed
that the particle can only directly jump to the nearest 2 sites on the circle, for
instance in Figure 3.5(b), when the particle is on the site R; the next jump of it
can only jump to R;_1 or R;;1. In other words, Tijjl = 0 when |i — j|>1. The
isotropic reorientation model is similar to the underlying logic of the previous
model, where an equivalent site model is also considered, but considering the
spatial angle instead of the plane angle [Figure 3.5(c)].

3.5 Inelastic neutron scattering

Inelastic scattering is identified by an energy transfer between the neutron and
nucleus and, distinguished from QENS, which appears as peaks at AE # 0
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Figure 3.4: EISF for the jump diffusion over equivalent sites with (a) d = 1
and for different N values, and (b) N = 3 with different d values.

Figure 3.5: Diffusion models of (a) 2-site jump-diffusion, (b) N-fold jump
diffusion on a circle, and (c) diffusion on a sphere (commonly found from the
isotropic reorientation). The hollow and solid circles represent a large enough
amount of evenly distributed positions on the sphere, where the hollow circles
represent the positions of the back of the sphere from this perspective, the
blue arrows represent one of the random diffusion routes from the position at
beginning R(0) (green circle) to the position R(t) (red circle) at time ¢.

(Figure 3.3). INS peaks arise from the energy and momentum exchange
between the incident neutron and nucleus. They can, for examples, originate
from quantum tunneling and atomic vibrations at millielectronvolt scale.
Vibrational dynamics in molecular crystals are systematically classified
based on their characteristic eigenvectors and energy ranges.” Internal modes,
also known as intramolecular vibrations, correspond to high-frequency optical
branches. In contrast, external modes involve the displacement of the molecule
as a rigid unit within the lattice. These external dynamics are further divided
into librations, which are rotational oscillations corresponding to external
optical phonons; and translations, which manifest as acoustic branches when

fThe discussions regarding the INS spectra in this thesis pertain to vibrational dynamics.
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molecules move in-phase, or as optical branches during antiphase motions
(Figure 3.6).116

As introduced in section 3.3, INS is also contributed by coherent and
incoherent scattering, which yield fundamentally different insights into lattice
dynamics. Coherent inelastic scattering arises from the collective interference of
neutrons scattered by different nuclei, thereby preserving information regarding
both the wavevector (k) and frequency (w) of phonons. This allows for the
experimental determination of phonon dispersion relations, w(k), across the
Brillouin zone. Incoherent inelastic scattering is a self-correlation process that
reflects the dynamics of individual nuclei over time, independent of their spatial
relative positions.? It provides information only on the frequency of vibrations,
manifesting as the density of vibrational states [DOS or g(w)]. In this thesis,
the measured INS intensity is overwhelmingly dominated by scattering on the
'H isotope, which possesses an incoherent cross-section (o, ~ 80.3 barns,
Figure 3.2). Therefore, the INS spectra obtained for MAPbBrs (where MA
= CH3NHj3) intrinsically contain the information of the DOS which is mainly
contributed by hydrogen (Figure 3.7).

In a simple situation, assuming single scattering and accounting for the
powder average of an isotropic system, the scattering intensity is given by the
equation '16:

$(Q,w) = Q2 exp(— Q™) (3.17)

where 4?2 denotes the mean-square displacement of the atom. The pre-exponential
term, Q%u?, increases as the momentum transfer, or the scattering atom dis-
placement increases. The exponential term, exp(—Q?u?), is called Debye-Waller
factor, decreases as the momentum transferred, or the scattering atom dis-

fWithin the scope of this thesis, all INS analyses focus on incoherent scattering.
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Figure 3.6: The INS map originates from various of molecular dynamical modes.
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Figure 3.7: INS spectrum of MAPbBrs, as measured at 50.7 K. The distinct
peaks, at around 93, 109, and 294 cm ™!, are contributed from the MA nodding
(65-120 cm™1), C-N torsion (295 cm~!) motions, and MA intramolecular
vibration (916 cm™1!), marked by red circles.

placement increases. Apparently, the pre-exponential term (Q%*u?) increase
slower than the Debye-Waller factor decreases when it is at a relatively high
value, where the INS intensity is proportional to exp(—Q?u?). Physically, the
Debye-Waller factor functions as a dynamic thermal parameter that quantifies
the time-averaged variance of an atom’s deviation from its equilibrium lattice
site, which is driven by thermal fluctuations. Consequently, the INS intensity
shows temperature dependence. The intensity of the fundamental single-phonon
transitions undergoes exponential reduction at elevated temperatures or within
the high-@) scattering regime which is dictated by the Debye-Waller factor. The
increased thermal population of low-energy external modes also enhances the
probability of multiphonon scattering processes. This results in broadening of
spectral features which cover the discrete vibrational peaks so called phonon
wings. Therefore, samples should be studied at cryogenic temperatures to
increase the observed intensities and reduce the effects of phonon wings when
Q is fixed at a relatively high value from the instrument. 16
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Chapter 4

Experimental detalils

This chapter gives a brief introduction to the facilities and instruments used,
and to the procedures, analysis and processing of the results of the QENS and
INS experiments that have been performed in this thesis.

4.1 Quasielastic neutron scattering

QENS experiments can be performed using several different types of instruments,
including the spin-echo spectrometer, backscattering spectrometer, and time-
of-flight (ToF) spectrometer. Utilizing different types of instruments enables
the investigation of dynamics over a time range between 10~7 s to 107 '3 s and
a length scale from 0.1 to 1000 A.117

4.1.1 Time-of-flight spectrometer: FOCUS

In this thesis, direct geometry ToF spectrometer FOCUS, which is located at
the Swiss spallation neutron source (SINQ)* at the Paul Scherrer Institute in
Switzerland, was used (Figure 4.1).

FOCUS is a time and space focusing ToF spectrometer, which uses both
a Fermi-chopper and a monochromator for neutron beam focusing, for cold
incident neutrons (Figure 4.2).11%120 The broad band (”white” ) neutron beam is
reduced in size by means of a vertically converging neutron guide, then chopped
by a pre-selector disc chopper, reflected by a focusing monochromator crystal,
and further chopped by a Fermi chopper to focus on the sample, making the
incident neutron wavelength monochromized with confirmed incident neutron
energy to the sample (Figure 4.2). By fixing the distance from the sample to the
detector and recording the time-of-flight of the scattered neutrons as they reach
the detector, the ToF spectrometer can calculate the speed of the scattered
neutrons, thereby determining their energy after scattering. Additionally, using
spatially distributed detectors, it can measure the neutron scattering angles,
allowing for the calculation of the E' and @) transfer.

Due to limitations such as neutron flux, the shape, size, and quantity of the
samples are very important. Generally, the geometry of the sample is selected

*SINQ is the first and only continuous spallation neutron source in the world. 118
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Figure 4.1: Schematic illustration of SINQ (1) shows the neutron source, where
the neutrons are transferred to each instrument by neutron guides, and (2)
shows the mechanism of producing the neutron through proton beam and lead
target. (©) 2024 PSI (Credit: Paul Scherrer Institute / Mahir Dzambegovic)

Figure 4.2: Schematic illustration of FOCUS.12! (©) 2024 PSI (Credit: Paul
Scherrer Institute)

aiming for a scattering probability less than 10%, thereby reducing the impact
of multiple scattering and allowing the experiment to be conducted within
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a controllable measuring time. A cylindrical aluminium sample cell, which
has been chosen for my QENS experiments, is used to allow each neutron to
traverse a similar sample thickness during the scattering, whereas a flat cell
might cause the neutron to go through more samples with a higher probability
of having multiple scattering when it is scattered to the angle parallel to the
cell (Figure 4.3).

4.1.2 Near backscattering ToF spectrometer: DNA

To probe the slower organic cation dynamics at low temperatures, the near-
backscattering ToF spectrometer: DNA, located at the Japan Proton Accel-
erator Research Complex (J-PARC), was employed to investigate the sub-
nanosecond timescale dynamics. As illustrated in Figure 4.4(a), the DNA
spectrometer is equipped with a pulse-shaping chopper and silicon crystal
analyzers. These silicon crystal analyzers are housed within a vacuum vessel
[Figure 4.4(b)]. The scattered neutrons are recorded by *He position-sensitive
gas detectors (PSD). These detectors are arranged with upward and downward
offsets along a circumference centered on the scattering position, operating in
a near-backscattering geometry with a Bragg angle of § ~ 87.5°.122

As illustrated in Figure 4.5, the energy resolution and the accessible en-
ergy transfer (F) range of the spectrometer can be tuned by adjusting the
rotational frequency and the slit size of the pulse-shaping chopper. The ac-
cessible momentum transfer (@) range is modified by selecting different Silicon
analyzer reflections (specifically, the (111) or (311) crystal planes). When the
pulse-shaping chopper is operated at 225 Hz with a 10 mm slit size, a high
energy resolution of 2.4 peV is achieved, covering an E range from -40 to
+100 peV. When the chopper is in a fully open position (0 Hz), the energy
resolution relaxes to 14 peV, which substantially extends the measurable E
range from -500 to +1500 pueV. Regarding the scattering vector, selecting the
Si(111) reflection provides access to a @ range of 0.08 to 1.98 A_l, whereas
switching to the Si(311) reflection shifts the corresponding ) window to higher

values, spanning from 1.79 to 3.39 A7123 The best energy resolution can

Figure 4.3: Schematic diagram of the sections of the cylindrical sample cell
(left), flat sample cell (right), and the potential neutron scattering paths.
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(a) DNA 3D view

(b) Inside of scattering vessel

Band selection chopper
(25Hz)

Frame separation chopper
(150Hz)
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Figure 4.4: (a) Schematic view of DNA spectrometer. The pulse shaping
chopper and six disk choppers of three types are installed on the neutron super
mirror guide beamline.(b) At the end of neutron guide, the incident neutron
beam was focused on the sample position. The scattered neutron at sample was
selected by Bragg reflection of Si analyzer, and detected by *He gas detectors
(PSD). 122 Copyright (C) Elsevier B.V, CC BY-NC-ND 4.0, from Hideki Seto,

et. al.

Figure 4.5: Principle of DNA spectrometer optics and two measurement con-
ditions.1?* Copyright (C) hysical Society of Japan, CC BY 4.0, from Kaoru
Shibata, et. al.

achieve 1.4 peV, with using restricted 1 cm sample height and the setting of
pulse-shaping chopper is 10 mm x 10 mm slit and 300 Hz. 12?4

4.1.3 QENS data processing

The main goal of the QENS data processing is to obtain the dynamical structure
factor S(Q, E). This is obtained by a series of data reductions, calibrations, and
corrections applied to the raw ToF data N (20, t) where the 6 is the scattering
angle and t is the neutron flying time. The main steps are described in the
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following and shown in Figure 4.6. Firstly, the measurement of an empty cell is
subtracted from the raw data. Secondly, the data is normalized to the monitor
counts. Thirdly, the efficiency of the detectors is corrected by a measurement
and subsequent normalization to a vanadium standard, which is an almost
pure incoherent and elastic scatterer. Fourthly, the ToF raw data N (26, t)
is transferred from time (¢) to the energy (E) domain. Finally, the data is
convoluted from the scattering angle () to @, thereby obtaining the structure
factor S(Q,F). Because the nature of scattering data is asymmetric, which can
be briefly understood from the fact that a system at its ground state cannot
find the energy to transfer to the neutrons, sometimes the process of detailed
balance is necessary for this step to make the S(Q,F) symmetrized to allow
fitting with symmetric Lorentzian functions (see Appendix B.5).

Once the structure factor has been obtained, the evidence of the existence
or non-existence of QENS can be found by comparison to the resolution
function R(Q,F). R(Q,F) can be usually obtained by a measurement at a
very low temperature (e.g. T = 10 K), where the scattering can be normally
approximated as elastic. If a QENS signal is found, it can be usually analyzed
by fitting to a sum of Lorentzians (see also section 3.4). The fitted S(Q,E)
needs to be convoluted with the R(Q,E):

S(Q,E) = [Ai=0(Q)(E) + ZAi(Q)ﬁi(QE)] ® R(Q, E) (4.1)
i£0

Sometimes, it is important to set an E independent constant bkg (background)
to represent the contribution from inelastic peak and the part of QENS which
has a broader linewidth than the instrumental F range. Then a fitted result

Figure 4.6: Flow chart of how the ToF raw data is corrected and reduced to
S(Q,E).1?° Used with permission of (C) Rasmus Lavén, 2023, from Dynamical
properties of metal halide and oxyhydride perovskite. Doktorsavhandlingar vid
Chalmers tekniska hogskola, Ny series nr 5319.
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can be collected for the QENS spectrum (example shown in Figure 4.7):

S(Q, E)sitrea = [A0(Q)3(E) + Y Ai(Q)Li(Q, E) + bkgl ® R(Q,E)  (4.2)
i#£0

Performing a fixed window scan (FWS) is commonly a useful and tool for
analyzing the temperature dependence of QENS intensity. It can be obtained
through a series of temperature scans over a specific energy transfer range
which can give an overview of the dynamics of a sample. Experimentally, FWS
can be measured by the spectrometers through the monochromator to choose
the neutron wavelength, or it can be obtained by #-integrated ToF spectrometer
data. Elastic fixed window scans (EFWSs) can show the onset of motion whose
correlation time is within the instrumental time window (Figure 4.8). The
linear decreasing of EFWSs is from the mean square displacement (u?)(T) of
atomic thermal vibration described by Debye-Waller factor !15:

DWF = ¢ @ () (4.3)

4.2 Inelastic neutron scattering

INS is frequently employed to probe the internal vibrational dynamics of
molecular crystals. Characterizing these vibrational dynamics via INS spectro-
meters lays a crucial foundation for understanding the macroscopic properties
of materials, which are often determined by a complex balance or strong coup-
ling between competing physical phenomena. INS instruments are broadly
categorized into Triple-Axis Spectrometers (TAS) and Time-of-Flight (ToF)
spectrometers.

Figure 4.7: S(Q,FE) fitting example from the Paper 3 on a MHP sample at @
- 154 A_17 reSidual - [S(Q7 E)ﬁtted - S(Q7 E)exp.]/S(Q7 E)exp.error-
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Figure 4.8: EFWSs example from Paper 3 where the dashed straight line can
be described by Debye-Waller factor.

4.2.1 Indirect geometry spectrometer: TOSCA

TOSCA is an indirect geometry neutron spectrometer located at the ISIS
Neutron and Muon Source in the UK. The instrument is specifically optimised
for the study of molecular vibrations in the solid state. '26 As shown in Figure 4.9,
the spectrometer consists of a cryostat, forward and backscattering analysers,
and detectors. 127 Specifically, operating as an indirect geometry instrument,
TOSCA does not monochromate the incident neutron energy, instead, it fixes
the final scattered energy. After being scattered by the sample, the neutrons
first pass through a pyrolytic graphite analyser and a beryllium filter maintained
at cryogenic temperatures (< 50 K) to eliminate higher-order Bragg reflections.
This configuration can fix the final neutron energy (Ey) at approximately
3.3 meV. Neutrons are finally collected by *He gas detectors. These detectors
are arranged in a circular array and divided into two primary banks: forward
scattering (corresponding to a scattering angle of approximately 45°) and
backscattering (corresponding to a scattering angle of approximately 135°).
It is worth noting that, this angle difference gives a Q difference. From the
equation 3.17, at low E range (the momentum transfer () is correspondingly
small and the Debye-Waller factor approaches 1), the inelastic scattering
intensity is proportional to Q2. Due to the difference in Q? between these
two trajectories at low energies, the observed INS peaks exhibit noticeable
intensity variations between the forward and backward scattering spectra at low
E range. '?® Following a series of recent upgrades aimed at reducing background
noise and enhancing the signal-to-noise ratio, TOSCA can now cover an energy
transfer range from -24 to 4000 cm ™! with a spectral resolution of approximately
1.25% of the energy transfer. 126-128

To investigate the impact of illumination conditions on molecular vibrational
modes, such as photoisomerization and the photoexcited state sample in our
case, a specialized in-situ illumination environment was developed by the TO-
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Figure 4.9: Schematic diagram of TOSCA. The inset shows a cross sectional
view of a detector module.?® Copyright (©) Institute of Physics, CC BY 3.0,
from Stewart F Parker, et. al.

SCA beamline group.'?® As illustrated in Figure 4.10, this setup comprises an
LED array (on both sides of the disk sample cell) integrated with an aluminum
sample cell featuring transparent quartz windows. This unique environment
paves the way for the investigations presented in this thesis regarding the
organic cation dynamics of MHPs in their photo-excited states. It is worth
noting that due to the inherent heat load generated by the operating LEDs,
the minimum sample temperature within this setup is limited to approximately
o0 K.
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Figure 4.10: A photograph of the metal LED bracket (i) and illumination cell
(ii) containing the MAPbBr3 sample (iii), for use on TOSCA. Also visible are
the cartridge heater (iv) and temperature sensor (v) for thermal control.
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Chapter 5

Results and discussion

This chapter begins with a brief summary of the appended papers and finishes
with a collective discussion of the results with a focus on how these results add
to the current literature on dynamics in MHPs.

5.1 Localized organic cation dynamics in semi-OD metal
halide composite MBAMnCI;-2H,0 (Paper I)

In recent years, a semi-0OD metal halide composite, MBAMnCl3 - 2H5>0O, has
been synthesized. Its unique crystal structure and composition enable it to have
two photoluminescence (PL) emission centers, enabling excitation-dependent
emission across different wavelength bands.®” Furthermore, since MBA is a
chiral organic cation, whether its specific chiral symmetry affects its localized
dynamics poses an interesting question. Therefore, we investigated its structure
using single-crystal X-ray diffraction (SC-XRD) and studied its organic cation
dynamics via the QENS technique. The results of this study are presented
below.

e Is it possible to obtain a more accurate description of the crystal structure
of MBAMnNCIl3-2H50 on the basis of SC-XRD measurements?

As a technique based on the fitting of elastic peak broadening, QENS
analysis relies on finding reasonable motion models which highly depend on
the sample’s structural properties. In order to get a better understanding of
the MBA rotational dynamics properties in the novel MHP MBAMnNCls, it is
necessary to determine the crystal structure while the reported structure has an
non-neglectable, and crystallographically unacceptable large uncertainty in the
lattice parameter a = 6 (2) A. A better SC-XRD result with higher accuracy
of MBAMnCl3-2H20O monoclinic (P21) phase is obtained by our measurement
(Figure 5.1a).

e Is there any different phase of MBAMNCI3-2H,O7? If so, which is the main
phase in the sample?

Furthermore, the SC-XRD result from the same batch of samples but
different crystals show a new monoclinic (P2;) phase with ethanol ligands where
the chemical formula is MBAMnCl3-C3;H;OH (Figure 5.1b). Interestingly, a
similar but chloride-based perovskite system also has both 1D and 0D structures
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Figure 5.1: A view of the molecular crystal structure of (a)

MBAMnNCl;3-CoH5;OH at 107 K, and (b) MBAMnCIl3-2H20 at 100 K. The
light grey spheres represent the hydrogen atoms.

where the transformation is because of the change in environment humidity. *3°
This new phase might be transformed from MBAMnCl3-2H50O because of the
different environments of storage and XRD sample preparation. However,
P-XRD results show the main component of the crystals in the sample should
still be MBAMNCI3-2H>0O dimer structure. Therefore, the QENS analysis
on this sample is still based on the MBAMnCI3-2H>O phase but with better
quality of the structure information.

e What is the nature of the localized dynamics of the chiral organic cation
(R)-MBA and (S)-MBA in (R)-/(S)-MBAMnCl3-2H50 including its geometry
and timescale of the dynamics? How do the dynamics correlate to the investig-
ated temperature and the type of enantiomer?

Building on our XRD structural study of MBAMnCl;3-2H50, we investigated
the dynamics of the MBA cation by QENS at FOCUS, PSI. Figure 5.2(a) shows
the EFWSs results which have the similar temperature intensity changes for
two samples upon heating and the onset of MBA diffusional dynamics can
be found at around 275 K. Interestingly, comparing the EFWSs (elastic fixed
windows scans) data upon heating with the data upon cooling, the thermal
hysteresis of the elastic scattering intensity can be found from both samples
(Figure 5.2a), and the full map of scattering temperature scans during cooling
(Figure 5.2b) shows the (R)-MBAMnNCI3-2H20 has a larger hysteresis than
(S)—MBAMHCIgQHQO

The key result of the geometry of the MBA cation dynamics is obtained
from the EISF (elastic incoherent structure factor) fitting. A series of dynamical
models which can fit the experimental data have been used, 7.e. the jump-
diffusion and rotational diffusion for the functional groups (e.g. -NHs, -CHs,
and -CgHs), and the model at a higher temperature (> 350 K) where the whole
cation can have another rotation axis and hydrogens have biaxial rotational
dynamics (Figure 5.3). The onset of methyl and ammonium 3-fold jump
diffusion of MBA cation from MBAMnNCI3-2H>0O occurs at 270 K, and the 2-
fold jump diffusion of phenyl could occur at 325 K. The QENS intensity increases
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Figure 5.2: (a) EFWSs, and (b) temperature-dependent E distributed neutron
scattering intensity I(7T,E) heatmaps of MBAMnCI;5-2H5O.
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Figure 5.3: Schematic illustration of function groups (e.g. -NHs, -CHjs, and
-CgHs) jump-diffusion model, continuous rotational diffusion model, and whole
cation Cy jump-diffusion model.

rapidly from 325 to 350 K. At temperatures above 350 K, the dynamics become
more complex, it has been considered as biaxial rotational diffusion where the
second axis passes through the MBA mass centre and is perpendicular to the
plane containing the mass centre and the two closest halide ions (Figure 5.3).
The rotation angle of 48° comes from the angle of <CI - mass centre - Cl>
(Figure 5.3).
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Compared to the other low-dimensional MHPs which also have relatively lar-
ger organic cations (ionic radius larger than v/3 x B—X bond length),2?28 MBA
also show localized function group’s rotational dynamics in MBAMnCl3-2H50O,
but at higher temperature, MBA can have whole cation Cy rotational diffusion
which has not been reported from QENS study. The more complicated dy-
namics with a higher spatial freedom level could be led by the smaller energy
barrier of MBA cation localized rotational diffusion, since each organic cation
in semi-0D MBAMNCI3-2H50 is surrounded by fewer amount of halide ion
than in other 2D MHPs in the same volume of crystal.

5.2 Rotational dynamics of organic cations in low-dimensi
-onal MHP: the effect of the geometry of the organic
cation (Paper II)

Recently, a new class of Dion-Jacobson type MHPs, with A = 1,3-phenylenediam
-monium (1,3-PDA, PDA = C¢H;(NH3)3"), 1,4-phenylenediammonium (1,4-
PDA), and 1,4-xylylenediammonium (1,4-XDA, XDA = CHs(CH,NH3)3"), M
= Pb, and X = Br, as well as the chemically similar but structurally dissimilar
material (1,3-XDA)2PbBrg were reported. % This series of materials shares the
same inorganic sublattice and similar diammonium organic cations, providing
a great opportunity to systematically study how the geometry of the organic
cation affects its localized dynamics.

Here are the results from the QENS measurements in FOCUS, PSI.

e What is the nature of localized diffusional dynamics of organic cations in
APDbBry (A = 1,3-PDA; 1,4-PDA; 1,4-XDA) and (1,3-XDA)2PbBrg, and how
does it depend on temperature?

For APbBry (A = 1,3-PDA, 1,4-PDA, 1,4-XDA) 2D MHP and 1,3-XDA,
PbBrg 0D MHP, the @-independent FWHM of fitted QENS signals and the
EISF fitting reveals these cations have localized rotational diffusion in the
picosecond time scale (Figure 5.4). The onset of ammonia 3-fold jump diffusion
of 1,3-BA is at 200 K, of 1,3-BMA and 1,4-BA are at 250 K, of 1,4-BMA is at
350 K.

e What is the relation among the localized distortions of the [PbBrg]
octahedron, structure of different diammoniums, and the localized diffusional
dynamics of organic cations?

With a shorter and more asymmetric structure, which is less flexible,
(1,3-PDA)PbBry4 has the most distorted local inorganic framework with the
largest Br-Pb-Br angle in the octahedra and the largest angle between the
octahedra.“® With less flexible organic cation, the dynamics are also faster and
more activated at the same temperature. At 350 K, the FWHM results show
Y(1,3-PDA) > Y(1,3—XDA) > Y(1,4-PDA) > 7Y(1,4—XDA)- The immobile fraction of
organic cations ¢(1,4-pPDA) > €(1,4-XDA) > C(1,3—XDA) > C€(1,3-PDA)-

e What is the correlation between organic cation dynamics and lumines-
cence?

In general conclusion from the QENS results, it has been found that with
higher symmetry (1,4->1,3-) and longer organic cation (XDA>PDA), the
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Figure 5.4: QENS results of 1,3/1,4-(PDA)PbBry, 1,3-XDA;PbBrg, and 1,4-
(XDA)PbBr, including (a) linewidths of fitted Lorentzian at @ <2.5 A~! where
the solid lines represent the mean value, and (b) fitted EISF from -NHj 3-fold
jump-diffusion model with partial immobile fraction.

2D MHP [1,4-(XDA)PbBry4] which has longer localized diffusional dynamics
timescale and higher ratio of immobile fraction at the same temperature can
show stronger and narrower PL emission intensity. Compared to other layered
perovskites such as OA,Pbly (OA cation = CgH;7NHJ ),22 and A3PbBry [A = n-
butylammonium (nBA), 1,8- diaminooctammonium (ODA), and 4-aminobutyric
acid (GABA)],%® the QENS results show the picosecond timescale of these
big organic cations (compared to the organic cations in the 3D perovskites)
dynamics are mainly contributed by their functional groups (e.g. methyl,
ammonium) but not whole cation diffusion. Interestingly, the PL emission
and the QENS study from AsPbBry [A = n-butylammonium (nBA), 1,8-
diaminooctammonium (ODA), and 4-aminobutyric acid (GABA)] shows that
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perovskite with smaller effective dynamic radii organic cations and restricted
organic cation dynamics will bring less influence of the inorganic framework
where the octahedral planes tilted more and cause the material to have more
broadband emission.?® This conclusion does not fully agree with our study
where the 1,4-(XDA)PbBry with the most restricted organic cation dynamics
has the narrowest emission band. The details of the relationship and mechanism
between organic cation dynamics and layered perovskite broadband emission
need further exploration and discussion.

5.3 Localized dynamics of organic cations in 3D MHPs:

the effect of X site anion and of photoexcitation
(Paper ITI&IV)

To better understand the nature of the dynamics of FA cations in tin-based
(lead-free) MHPs, FASnCls, FASnBrs, and FA3;Snlg have been measured using
QENS technique at FOCUS from PSI and DNA from Jparc. It is worth noting
that the results of FASnCl; have not been mentioned in the paper due to
its exact crystallographic structure remains not fully resolved. However, the
diffraction data shows it has more distorted and smaller unit cell than other
materials in this study, combined with its weak QENS results, it could be a
good control group in this study.

e What is the nature of localized diffusional dynamics of FA in FASn X35
(X = Cl, Br) and FA,Snlg, such as the geometry, timescale, and activation
energy of the dynamics?

e How do the localized dynamics of FA cations change with temperature in
FASn X3 (X=Cl, Br) and FA5Snlg?

A series of temperature-dependent QENS signals has been probed from
these samples (Figure 5.5). The EFWSs (elastic fixed window scans) reveal
that the onset temperature of FA cation localized dynamics in FASnBrs and
FA5Snlg is around 150 K, while for FASnCl3 it is around 250 K. Besides
the different dynamics onset temperature, it can be observed that the QENS
intensity for FAsSnlg increases sharply between 200 and 225 K, for FASnBrj
between 200 and 250 K, whereas for FASnCl; remains low below 300 K but
becomes observable from 350 K (Figure 5.5).

From the Q2 independent behaviour of the FWHM of the fitted QENS
signal one can understand that the dynamics are localized in nature. The
FWHM of the narrower Lorentzian (£;) from the fitting is around 0.1 — 0.5
meV, which translates into a timescale of the FA localized diffusion a few
picoseconds. An Arrhenius fit of the temperature-dependent FWHM suggests
an activation energy of 668 meV for FASnBrs and 50+8 meV for FA;Snlg.

Through the QENS fitting, 2- and 4-fold jump diffusion and isotropic
reorientation models (Figure 5.6a) have been built up for FASnBrz and FA5Snlg
of their tetragonal phase (~150 — 200 K) and cubic phase (~230 — 350 K). The
24-site jump-diffusion model fits the data worse than the isotropic reorientation
model (Figure 5.6b). This important result indicates that the influence of
hydrogen bonds (which have directionality and can force hydrogens to point
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Figure 5.5: (a) EFWSs, and (b) temperature-dependent FE distributed neutron
scattering intensity I(7T,E) heatmaps of FASnCl;, FASnBrs and FA,Snlg.

to halide ions) to FA cation rotational diffusion becomes weaker than in the
orthorhombic phase in the cubic phase of FASnBrs and FA;Snlg , which could
be due to a higher unit cell volume (longer and weaker hydrogen bond) bringing
lower energy barrier for FA cation diffusion and FA cation having higher thermal
energy in cubic phase.

From the QENS results, one can conclude that the dynamical property of
FA cation in the tin-based MHP system is dependent on the halide ion. With a
longer halide ion radius [r;- (206 pm) > rg,— (182 pm) > r¢;— (167 pm)] 3!
and a larger unit cell [a[Sng 5Is] (6.17 A)1%6 > 4[SnBrs] (6.03 A) 32 > a[SnCl;]
(5.79 A, non-cubic) %3], the tin-based perovskite can have a stronger QENS
intensity at the same temperature. Reflected on the cation dynamics, this
represents FA cations can have a faster and higher spatial freedom level of the
localized diffusion with a larger halide ion and the same B-site cation in MHPs.

e How does the FA cation dynamics compare with the FA cation dynamics
in prototypical FAPb X3 (X=CIl, Br, I)?

Compared to FAPbX3 (X= Br, and I), the localized diffusional dynamics of
FA cations are of tin-based perovskite at cubic phase have a similar timescale at
300 K (FAPbI3: 1.26 ps,3' FAPbBrs: 5.6 ps2%), and similar activation energy
level in the cubic phase (FAPbIz: 52 + 6 meV,3? FAPbBr3: 61.8 & 5 meV %),
and the same isotropic reorientation geometry to the lead-based perovskite
(comprehensive comparison can be found in the SI of Paper 1 Table S2). These
results reveal that there is no direct interaction between the dynamics of the
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Figure 5.6: (a) Schematic illustration of rotational motion models of the FA
cation, and (b) S(Q, F) fitting of FASnBrs, and FA,Snlg at 350 K, Q = 1.54 A.

organic cations and the B-site divalent metal cation, but that the dynamics of
the organic cations highly depend on the type of halide anion.

To better understand how organic cation dynamics affect the optoelectronic
performance and practical applications of MHPs, we need to investigate if
and how these dynamics change under photoexcitation. Using the in-situ
illumination environment at the TOSCA INS spectrometer, we performed a
series of INS measurements on MAPbBrj3.

Here are the collected results.

e What is the nature of vibrational dynamics of MAPbBr3?

In agreement with the literature (Figure 5.7), we can find clear bands in
the range of 10-65 cm ™! are related to octahedral twist motions, bands in the
range of 65-120 cm~! are related to nodding motions of the MA cation, bands
in the range of 120-210 cm ™! are related to lurching motions of the MA cation,
and the band at approximately 295 cm ™! relates to a C-N torsion motion of
the MA cation.!7-8

e What is the nature of vibrational dynamics of optical-excited-state
MAPDBr3?

As illustrated in Figure 5.7 and Figure 5.8, the INS spectra under LED-on
and LED-off conditions are similar, with only small intensity variations observed
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Figure 5.7: INS spectrum of MAPDbBr3, as measured at 50.7 K, and for LED
off (red color) and LED on (blue color). The strongest bands, at around 90,
110, and 295 cm~!, are marked with a, b, and c. Included in the graph are
schematic illustrations of the MA nodding (65-120 cm™!) and C-N torsion (295
cm™1) motions. Light blue spheres represent nitrogen, brown spheres represent
carbon, and light pink spheres represent hydrogen.

in a few MA related peaks. This similarity primarily originates from the fact
that the light absorption depth is on a sub-micron scale, whereas the sample
thickness for the INS experiment is on a sub-millimeter scale. Consequently,
the surface-to-volume ratio under the current in-situ illumination environment
remains relatively low. Detailed data comparison reveals that these spectral
differences are still significant and reproducible under the specific illumination
conditions. These affected peaks are attributed to the MA libration and C-N
torsion modes.

e How does the exciton affect the vibrational dynamics of MAPbBrs?

Because of the generally soft nature of the lattices of HPs,®"134 the pho-
togenerated charge carriers or excitons can couple to phonons and molecular
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Figure 5.8: INS difference spectrum (LED off - LED on) of MAPbBr3, as
measured at 50.7 K and plotted over different energy regions.
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vibrational modes, giving rise to polarons or self-trapped excitons, respectively,
which subsequently leads to lower charge carrier mobility and influences the
probability of charge recombination. 35137 Whether organic cations actively
participate in these processes remains a subject of ongoing debate. Although
our current findings do not permit a rigorous quantitative analysis of the
specific relationship between cation dynamics and excitons, they provide qualit-
ative evidence supporting their involvement. Given that the observed libration
modes are intrinsically coupled with the vibrations of the inorganic octahed-
ral framework, it is reasonable to hypothesize that MA cations engage in a
complex coupling mechanism involving both photogenerated excitons and the
local structure distortion within HPs. These observations establish a prelim-
inary foundation for future investigations into such intricate mechanisms via
neutron scattering, which could be further realized through the optimization
of experimental conditions.

5.4 Discussion

The experimental results across this series of MHPs reveal a complex landscape
of internal dynamic coupling, fundamentally due to their inherently soft lattices.
These dynamics are governed by a multifaceted interplay of factors, including
temperature, the intrinsic molecular structure of the cation, the local environ-
ment of the inorganic sublattice, and external factors such as photo-induced
excitons.

The various localized motions, including diffusion and vibration, are thermally
driven which is linked to temperature. As temperature increases, assuming
without the phase transitions, the localized diffusion modes of the organic
cations generally evolve toward higher frequencies and greater complexity. This
is shown as shorter relaxation times (7) and an increased occupancy of resident
sites. For instance, in MBA-based systems, a global C5 rotation coupled with
the functional group’s own rotational diffusion emerges above 350 K.

Indeed, the molecular structure of the cation also influences the distortion
and connectivity of the inorganic sublattice. Observations from a series of PbBr-
based diammonium low-dimensional MHPs indicate that the Br — Pb — Br
bond angles and inter-octahedral tilting vary with different A-site diammonium
cations. Since DFT calculations suggest no systematic differences in hydrogen
bonding strengths across these systems,”® the variations in NHs functional
group dynamics likely originate from the cations’ intrinsic structure. The QENS
results show that the more flexible cations (greater length and symmetry) exhibit
higher onset temperatures for picosecond-scale NHs dynamics [1,3-PDA (200 K)
< 1,4-PDA (250 K) < 1,4-XDA (350 K)] and longer relaxation time (7) at the
same temperature [350 K: 1,3-PDA (1.2 ps) < 1,4-PDA (4.7 ps) < 1,4-XDA (9.5
ps)]. This suggests that these differences stem from a redistribution of thermal
energy where higher flexibility introduces more localized dynamical modes.
For instance, the benzene rotational diffusion (typically on the nanosecond
scale) is potentially present in 1,4-PDA/XDA, which is less likely to be present
in 1,3-PDA/XDA due to their stronger steric hindrance or higher activation
energy for the rotation.
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The dynamics of the same organic cation can also vary in different inorganic
sublattices. In this study, the localized diffusion of FA in various Sn-based
MHPs using QENS has been systematically investigated. Comparing this with
literature data for Pb-based MHPs, we observed that while the modes of motion
are similar (C2/Cjy or isotropic reorientation), the diffusion rates differ based
on the sublattice. Generally, the diffusion rate correlates positively with the
effective cavity volume of the inorganic octahedra. The halide ion is the primary
determinant, where MHPs formed with larger halide radii (I > Br~ > CI7)
possess larger unit cells, resulting in faster FA diffusion rates at equivalent
temperatures. Conversely, the B-site divalent metal cation has a negligible
effect, leading to similar FA diffusion rates in Pb and Sn-based MHPs with
the same halide. Notably, the double perovskite FA;Snlg, with a sub-unit cell
size between FASnl3 and FASnBrj, exhibits an FA diffusion rate that is also
intermediate, further supporting our conclusion. This suggests that the effective
spatial confinement, specifically the distance between the FA cation and the
nearest octahedral cage, dictates the localized hydrogen bonding strength
and steric hindrance, thereby modulating the activation energy for localized
diffusion. Similarly, the picosecond-scale whole cation rotational dynamics
observed in the pseudo-0D structure MBAMnCI; - 2H50O likely benefit from its
exceptionally loose crystal packing compared to 2D diammonium systems.

Finally, combining our ¢n-situ illumination INS measurement of MAPbBr3,
a clearer picture of existence of complex coupling shows among the excitons, the
inorganic sublattice, and the organic cations. These complex competing and
synergistic dynamics likely provide the mechanistic basis for the high carrier
mobility and defect tolerance observed in MHPs. Our findings emphasize that a
better understanding of the mechanisms behind high-performance photovoltaic
conversion necessitates more dynamical characterization. Such efforts are
essential to construct a comprehensive cognitive framework for these unique
materials.
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Chapter 6

Summary and Conclusions

In summary, by utilizing quasielastic and inelastic neutron scattering techniques,
this work has systematically mapped the localized dynamics of various organic
cations within metal halide perovskites (MHPs) and elucidated their underlying
physical driving forces.

Investigating the effect of semi-OD structural confinement on the cation
dynamics in MBAMnClI3 - 2H>0O, we conclude that the large localized free
space provided by the unique unit cell enables highly complex and strong
diffusional dynamics. This specific structural environment allows for the
rotation of functional groups coupled with the entire MBA cation jump diffusion
at picosecond timescale, which is unusual for large organic cations in non-3D
MHPs.

In the work of 2D diammonium lead bromides, our study of organic cation
geometry reveals that increased cation length and flexibility may suppress
the rotational diffusion of the terminal ammonium. At a given temperature,
more flexible cations likely distribute thermal energy into alternative dynamic
modes (such as phenyl ring rotation), thereby increasing the thermal threshold
required for the localized rotation of terminal functional groups.

With regards to our study of the effect of X-site anion on the localized
dynamics of organic cation in 3D MHPs FASnX; (X = Br, I) and FA,Snlg,
we can conclude that these localized dynamics are governed by the cavity
volume provided by the inorganic sublattice. Regardless of the specific B-
site metal, X-site halide, or vacancy ordering, a larger localized free space
consistently correlates with stronger organic cation dynamics, characterized by
higher mobility and more complex motion types.

By examining the effect of photoexcitation on the local structural properties
of MAPDbBr3, the organic cations are suggested as not merely passive structural
components. Instead, they interact dynamically with the inorganic sublattice,
excitons, and polarons, indicating that organic cation dynamics play an active
role in the dynamic optoelectronic response of MHP systems.

Finally, this thesis establishes the feasibility of using neutron scattering
to unravel the complex dynamic couplings within MHP systems, providing a
foundation for future materials study.
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Appendix A

Working principles of perovskite
devices

The brief structures and energy diagrams of common MHP devices are shown
in Figure A.1. The general working principle of a perovskite solar cell is
that the electrons in the valence band absorb sunlight and transition to the
conduction band, passing through the electron transport layer collected by the
electrode. The original vacancies of the excited electrons can be regarded as
positive charges, called holes, passing through the hole transport layer and

Figure A.1: Schematic of the MHPs devices and energy diagrams including (a)
and (b): perovskite solar cell, (¢) and (d): electroluminescent (EL) perovskite
LED, and (e) and (f): photoluminescent (PL) perovskite LED
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being collected by the electrode, thereby converting light energy into electrical
energy [Figure A.1(b)]. The working principle of EL perovskite LED is the
opposite process to that of a solar cell. Electric energy is input through the
electrode from an external voltage source, and electrons are transported to
the perovskite layer through the electron transport layer. In the perovskite
layer, electrons and holes can have radiative recombination to release photons
[Figure A.1(d)]. The working principle of perovskite PL LED is to use a shorter
wavelength (ultraviolet or blue light) light source to excite the valence band
electrons in perovskites to the conduction band, and then release photons
through radiation recombination. This is mainly used to obtain an adjustable
emission peak to fabricate the display pixels through the primary colors or
to obtain a broader emission peak to obtain white light emission for lighting
[Figure A.1(f)]. It is important to point out that the real device structure is
usually more complex and can have more layers such as a hole-blocking layer
to have better device efficiency and performance.



Appendix B

Several details of neutron
scattering theory

B.1 Cross section and scattering length

The incident neutron can be generally described as a plane wave!:

(R = R B.1)

where Y represents a normalization constant, and R is the position operator.
The scattered neutron wavefront can be described as a spherical wave!:

—b. ,
Ur(R) = wi(Rj)m——]Rﬂemf'R_Rj' (B.2)

where R is the position operator of nuclei j and |R —R;| > b;, where b, is the
scattering length which can be considered as the scattering ability /character
from the nuclei and it can be found from the wave expansion’s first term*-2:

. 1
]ill)% kcotd (k) = 5 (B.3)

where 0(k) is the phase shift of the outgoing spherical wave. The total inelastic
scattering cross section can be found '

= dE ;dQ) B.4
7 Aﬂ/ deEf f (B.4)

do > d?c
dE B.
s /_ o dQdE; T (B:5)

B.2 Correlation functions

Now we consider the situation of scattering interference from multiple nuclei.
Considering the scattering as the perturbation V' and following the Fermi

69
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pseudopotential for nuclear scattering we can get 344
. 2mh?
V=" > Pibis(R-R;) (B.6)
n A
J

where P; is the statistical weight of the thermal occupancy 4

o—Ej/ksT

PJ = Zn e—En/kBT

(B.7)

and m, is the neutron mass, R; is the operator for ji, nucleus position.
The initial and final sample states are denoted as |\;) and |A¢), The partial
differential cross section for scattering from |\, ki) to |Ag, k¢)) through the
Fermi Golden Rule®44-5:

d?c kf Mo A ,
= 7. iki E\ — E
dQdEy |y, k:i(27rh2) [(Aiki |V |Acke) [0 (B, N T w)
| o B.8)
kf bjbj/ —iQ-R;(0) iQR./ (t)\ —iwt (
B B T

where j' represents the different nuclei which can have different cross-sections
when we consider the coherent scattering. We denote thermal averaging by the
notation®4:

(A) = Zpi<)\i|A|)\¢> (B.9)

where p; is the Boltzmann probability for the individual states.

The dynamical correlation function as known as the scattering function
S(Q,w) is defined as®4:

b'b'/ > —1 . ; ) . -/ —iw
SQuu)=) 5w [ (YO ROyt (B.10)
3.’ —oo
dza ]{Jf
= —NS B.11

where N represents the number of nuclei. From the Fourier transform of the
intermediate function over time leads to*:

1 —iQ-R;(0) iQ R,
1Q,1) = = 3 byby (e AR O UR D) (B.12)
3,3’

Applying another Fourier transformation over () will transform the intermediate
correlation function into the space-time correlation function”*:

GR,t) = (2%)3 / I1(Q,t)e  ARIQ (B.13)



B.3. COHERENT AND INCOHERENT SCATTERING 71

B.3 Coherent and incoherent scattering

A sample contains a large amount of different nuclei and isotopes with different
cross sections and spin states, which means that when the neutron is scattered
by the sample, it may be affected by different nuclei and cause interference.
Each nucleus cross section can also be different in time due to the variations of
nuclear spin. To explore these problems, assuming that the scattering length
of a nucleus in the sample is divided into the time and ensemble mean value

(b;) and the local and temporal deviation value db; *1:

b; = (b;) + 6b; (B.14)

where (6b;) = 0 can be found from the definition. From eq. 3.2, eq. B.2 and
eq. B.14, for whole nucleus in the system:

(07} = S (00)%) +1 Yo byl

; ; (B.15)
doine docon
dQ ds?

The incoherent quasielastic neutron scattering, which is the main type of
scattering involved in this thesis, is caused by atomic self-diffusion. Following
the eq. B.8 and B.15, the incoherent part of the double differential of the
cross-section can be derived:

dQUinC
dQdE;

2 oo
_ e ((005)°) / (e71QR (0 QR (D) =ity (B16)
Ai— A ki i 27Th —o©

B.4 Jump diffusion models

The jump diffusion model can be described through the probability p(R,,t) of
finding the particle at position r, at time ¢ with expected residence time 7,
within total N possible sites, and T, g is the jump probability from R, to Ry,
then we have:

Z o (B.17)

b=1,b#a
d N N
%p Raat Z b Rb7 Tba _p(Ravt) Z Ta_,l} (B18)
b=1,b#a b=1,b#a

Then we can obtain the probability p(Rys,t; Ry, 0) which represents the prob-
ability the particle at position R, at ¢ = 0 can be found at position Ry at t by
setting the initial condition p(R,,0) = 1 to solve the differential eq. B.18.

we can obtain the incoherent intermediate scattering function I(Q,t) (trans-
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fer from the general form eq. B.12):

N
[(Q.t) = Y p(R,, 0) (" AR -Ra(O)) (B.19)
a=1
N N '
= p(Ra, 0)[>_ p(Ry, 1 Ry, 0)e’ AR Ra)] (B.20)
a=1 b=1

Subsequently, by setting the equilibrium conditions of initial distribution

(t=0):

p(Ra,O) = Ta/ Z ™n = Py (B.Ql)

we can obtain the S(Q,w) through the Fourier transform of I(Q,t):

1

S(Q,E) =5 /I(Q,t)e‘iEtdt (B.22)

N N N
=) PaAoa(QS(Q,E) + D Pu ) p(Ry, t;Ra, 0) A0 5(Q)Lan(Q, E)
a=1 a=1 b#a
(B.23)

The structure factors for several common models are presented below:

2-site jump diffusion

The 2-site jump diffusion can be obtained by considering the particle jump
between two sites with mean residence time 7 and 79 and jump distance
d = |R; — Ry|, see Figure 3.5(a).** From eq.3.10:

L At +7)

S(Q, E) = Ao(Q)O(E) + A1(Q) — R T2 B (B.24)
Ao(Q) =P + P5 + 2P, Pyjo(Qd) (B.25)
A1(Q) =2P1 P2[1 — jo(Qd))] (B.26)

Diffusion on a circle

In this model, it is supposed that the particle can only directly go to the nearest
two sites on the circle, for instance in Figure 3.5(b), when the particle is on the
site R; the next jump of it can only jump to R;_; or R;;;. In other words,

Tijjl = 0 when |i — j|>1. Considering the equivalent site model, N residence
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sites are evenly separated on the circle, from eq. 3.104446.
N-1
1 h/Tz
= o(E A - B.2
QB =A(QIE) + A sz m (B2
1 & 2inm
AQ) =7 D 5o @reos( =) (5.28)
. nT
Ty =21 - sm(ﬁ) (B.29)
—1 _o —1_: 2 7T_Z
=27 "sin”( N ) (B.30)

it can be considered as a continuously rotational diffusion when N — +oc.

Diffusion on a sphere

As known as the isotropic reorientation, it is similar to the underlying logic of
the previous model, an equivalent site model is also considered, but considering
the spatial angle, see Figure 3.5(c). The function is as follows#-44-6:

5(Q, E)=A ) + Z Ay( 1 % (B.31)
Ai(Q) =(2i+ 1)57 <@r> (B.32)
7' =i(i+1)Dg (B.33)

where r is the radius of the sphere, Dy is the rotational diffusion coefficient
(in units of radians?/s).

Since there are numerous independent variables 7,, we cannot provide an
analytical solution for the A, ;(Q)L45(Q,w). But here is the general solution
for elastic incoherent structure factor (EISF) Ay(Q) by setting ¢ — oo. The
equilibrium distribution is obtained when ¢t — 0o, p(Rp, t; Re,0) = P, which is
independent of the initial site for the particle.

Thus from eq. B.21, B.20 we can have the ¢ independent term Ay(Q) of

I(Q,t):

N
I(Q,t — ) Z P,Py - cos|Q(R, — Ryp)] (B.34)
a=1,b=1
—40(Q) = EISF (B.35)

By Fourier transformation over time:

S(Q, E —0) = Ao(Q)I(E) (B.36)
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in the case of a powder sample:

1 27 T .
EISF = /0 d /0 Ao(Q)sin(6)do (B.37)
N
= > PPy jo(QIRa — Ry) (B.38)
a=1,b=1

where jo(z) = sin(z)/x is the zeroth-order spherical Bessel function.

B.5 Detailed balance

It is important to introduce the principle of detailed balance which can help us
to understand the asymmetry of the S(Q,F) spectrum, especially at relatively
low temperatures (Figure 3.3) 41

)\f—>)\i )\i—)Af
S(_Q, _E) - Z p)\fs(_Q7_E)
XisAf Ap—X;
» (B.39)
A
= Z p)\i—fS(Q,E)
NisAg P Ai—Af

= HDS(Q, )

>\i_>)\f

where kg is the Boltzmann constant, 7" is the temperature. It is a vital step
that applies the detail balance before the S(Q,FE) spectrum fitting with the
QENS signal fitted by the symmetric lorentzians.
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