CHALMERS

UNIVERSITY OF TECHNOLOGY

Excitons in Perovskites

Microscopic Modelling of Exciton Spectra in Perovskites and Exciton-Phonon
Coupling

Master’s thesis in Physics

AMBJORN JOKI

DEPARTMENT OF PHYSICS

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2022
www.chalmers.se


www.chalmers.se




MASTER’S THESIS 2022

Excitons in Perovskites

Microscopic Modelling of Exciton Spectra in Perovskites and
Exciton-Phonon Coupling

AMBJORN JOKI

CHALMERS

UNIVERSITY OF TECHNOLOGY

Department of Physics
Division of Condensed Matter and Materials Theory
Computational Materials Group
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2022



Excitons in Perovskites

Microscopic Modelling of Exciton Spectra in Perovskites and Exciton-Phonon Cou-
pling

AMBJORN JOKI

© AMBJORN JOKI, 2022.

Supervisors: Raiil Perea Causin and Ermin Malic, Department of Physics
Examiner: Paul Erhart,Department of Physics Department

Master’s Thesis 2022

Department of Physics

Division of Condensed Matter and Materials Theory
Computational Materials Group

Chalmers University of Technology

SE-412 96 Gothenburg

Telephone +46 31 772 1000

Cover: An exciton in a general cubic 3D perovskite.

Typeset in BTEX
Printed by Chalmers Reproservice

Gothenburg, Sweden 2022

v



Excitons in Perovskites

Microscopic Modelling of Exciton Spectra in Perovskites and Exciton-Phonon Cou-
pling

Ambjorn Joki

Department of Phyiscs

Chalmers University of Technology

Abstract

Perovskites are interesting materials due to their special optoelectronic properties —
properties already being used in photovoltaics and potentially in future light-emitters.
Since perovskites exhibit strongly bound excitons, the excitons are, often still at
room temperature, crucial to consider. In this work a model aimed at describing
the excitonic landscape in 2D and 3D perovskites has been developed. The model
includes the exchange interaction giving rise to an exciton fine structure consisting of
optically active and inactive exciton states, the latter with lower energy. The model
is further extended by inclusion of a magnetic field, necessary in experimental setups
to probe the inactive states. The developed model captures the qualitative excitonic
aspects of 3D perovskites predicting three optically active states and one inactive,
but is incomplete in the 2D case predicting two active and two inactive states. The
incompleteness is probably related to the treatment of the confined direction in 2D.
Further, the exciton phonon scattering between active and inactive states is modelled.
For applications the phonon scattering is important since high scattering rates will
transfer many excitons from optically active states to the inactive one with lower
energy, reducing the light emission. However, indications of a phonon bottleneck
— reduced scattering rate — have been observed. Assuming spin conservation, the
phonon scattering between active and non-active states is found to be non-existing
— thus further confirming the phonon bottleneck. The model contributes to better
microscopic understanding of the exciton-phonon coupling in perovskites.

Keywords: bright excitons, dark excitons, phonon-exciton scattering, phonon-
bottlenecks, perovskites, magnetic field
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1

Introduction

Perovskites are interesting materials due to their special optoelectronic properties
[3] — properties that are useful for solar cell applications and potentially in future
light-emitters. These properties are influenced by excitons [4] which in both 2D and
3D perovskites are relatively strongly bound, with binding energies up to hundreds of
meV [3, 4]. Microscopic understanding of the excitons makes prediction of material
properties more precise and due to the extensive tunability of perovskites, offers a
plethora of options for synthesizing materials with desired properties.

For applications within light emission, the exciton fine structure of perovskites is
important. The fine structure, arising from the spin degeneracy of the conduction
and valance bands together with the exchange interaction, comprises both optically
active (bright) and optically inactive (dark) states [2, 5]. The dark states could
reduce the emission efficiency considerably, especially if the lowest energy state is
dark, since in thermal equilibrium a high population of that state would be expected.
Apart from the energetic ordering of the states, the scattering channels between
them are also crucial. If the bright states cannot scatter down to lower dark states
efficiently, the emission loss decreases.

In a recent experimental paper [5], the fine structure of the optical emission of three
2D perovskites was studied. Applying a magnetic field, the lowest dark state was
brightened and found to have lower energy than the lowest bright states. Furthermore,
the occupation of the states was found to not follow a thermal distribution possibly
due to a so called phonon bottleneck. The bottleneck indicates inefficient scattering
between the bright states, where the excitons end up after optical excitation, and
the dark state.

The aim of this project is to develop a model based on second quantization to describe
the exciton spectrum both qualitatively and quantitatively. Of special interest is the
ordering of states and energy difference between the bright and dark states, since
the relationship between the bright-dark energy splitting and the energy of available
phonons, is believed to directly affect phonon scattering. The final aim is to model
the phonon scattering and find possible explanations for its predicted inefficiency.
The report is divided into three parts. In the first the theory required for the project
is discussed together with some important aspects of the studied material system.
In the second, the model of the exciton spectrum is developed with and without
magnetic field. This part finishes with a short evaluation of single electron phonon
scattering with and without spin conservation. In the final part and chapter, the
quality of the developed model, especially the treatment of the 2D perovskites, is
discussed. The phonon scattering is also addressed.
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Theory

It is often convenient to use the formalism of second quantization within many body
physics. Fundamental for second quantization are the creation and annihilation of
particles, described by operators af). Important properties of these operators are
their commutators

L M0

+ = azmaj i & =

(2.1)

where the minus and plus signs apply for bosons and fermions, respectively. These
relations make the wavefunctions created using the annihilation and creation operators
automatically symmetric or anti-symmetric as applicable. Using the operators it is
possible to describe different states and interactions. Based on the formalism it is
possible to show how excitons arise conceptually. Furthermore, by regarding the
coupling of electrons to their surroundings, it becomes possible to also describe the
coupling of excitons.

2.1 Excitons

Excitons may be viewed as hydrogenic systems consisting of a positive and a negative
charge. For the excitons these are not a nucleus and an electron but rather a hole
and an electron. The oppositely charged particles attract each other reducing the
energy of the system. The exciton states and binding energies can be compared
with and are named in equivalence to the orbital states of a hydrogen atom. The
symmetry of the wavefunctions corresponds to the respective orbital wavefunctions.
The energy of an exciton may be considered to be the energy of the electron, the
hole as well as the Coulomb interaction between these. In second quantization in a
two-band model the Hamiltonian is

7k/ 353 7k_ ) ¢
H = Z E;;CLSC]CS - Z EZ/U]C/SU;;/S - Z C}Lc’Jrq,svk,S"UIt:fq,s/Ck’,sv;(jk,stg,lf:’q,]s @5 . (22)
k,s k’,s kK
s,s’
q
Here, Ej, is the energy of an electron in the conduction band, E}, is the energy of
an electron in the valance band and the third term describes the contribution from
a momentum transfer ¢ between two electrons in different bands — the Coulomb
interaction. The attractive Coulomb force reduces the energy of the exciton which
therefore is smaller than the band gap E, = E° — E".



2. Theory

As an exciton is a bound electron-hole pair, it is sometimes better to view it as a
quasi-particle rather than two separate (quasi-)particles. The first step of rewriting
the Hamiltonian in an exciton basis may be taken by introducing pair operators (P),
defining the creation and annihilation of an exciton

T _ pt
CrsVk's! = Pksk:’s’ 23

T 23)
Vi g1 Cks = Pk:sk:’s’a

where P,S,Bcls, implies annihilation (creation) of an electron with momentum k and
spin s in the conduction band and creation (annihilation) of one electron with
momentum k’ and spin s’ in the valance band.

The first and second term of Eq. (2.2) do not represent exciton annihilation or
creation. When expressing these in the pair-operator picture, approximations are
required [6, 7]

P t 1 t f
Ckkas ~ Z Pksk’S/PkSklsl - 5 Z Pksk’s’PklslkgszpklsleSQPkSk,Sl

k' s k' k1,k2
S/’SI:SZ
P t 1 t  pt
VsV = Z Pk’s/kspk’slks 5 Z P ’s’kst151k252Pk151k282Pk’8’k8
ks k' k1,k2
5,781752

for equality an infinite number or pair-operator terms needs to be included. Since
it is often possible to assume low excitation densities, only including the first term,
however, often yields a fair approximation.

The final step is to change into an exciton basis, described by exciton annihilation
and creation operators XZ;S/(T) where v is the state of the exciton, @ the center of
mass momentum (COM) defined as k — k' = Q and s (s) is the spin of the electron
(vacant electron state). Note that the spins are defined in the electron-electron
picture, the spin of the hole is related to the spin of the empty electron state via the
time reversal operator K as Ks = 0,5 where 5 denotes the opposite spin of s and o,
is 1 for spin up and —1 for spin down [2]. Further the relative momentum is defined
as k = apk, + a. k), with a; = —2— = ™ where e (h) stands for electron (hole).

Mme+mp, M
Then the pair-operator and exciton pictures are related according to

T _ pt o v vss't
CrsUk's' = P = Z ¢ahk+aek/Xk—k'
14

1 . . % uss'
Vi o1 Cks = Pksk’s’ - Z apktack’ < k—k'

o
2.4)
T _ T _ v vss't |k pss’ ( ’
CsCks = Z Prskrs Preskrs: = Z ¢o¢hk+aekz’kak’ anktack! <Y k—k!
k' s’ k', s" . v,u
T PT P _ v XVs”sT * Xus”s
UksUgs = Z ks ksl ks ks = Z ¢ahk”+aek k' —kPapk’+ack< k' —k
k//,sll kII7SN7V,[,L
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Using the relations in Eqgs. (2.4) the Hamiltonian in Eq. (2.2) may be expressed as

v T
H = ZEk Z gbahk—l—aek’X SS ahk+o¢ek’Xk k'

k', s"\v,u
v vs' stk us''s
— Z Ek/ Z ¢ahk//+aek/Xk//_k/¢ahk//+aek/Xk//_k/ (2 5)
s,k! k" 8" v,u .
uss“f I uss’
- Z/ Z d)ah k'+q)+ack k’+q—k Z (/bahk’JraE(qu)Xk’f(qu) V‘l’
kE vV 12

s,s’
q

details on how the Coulomb term V¥ ;?,j”k 9" was expanded can be found in
section 4.1. By noting that k., = k = k" and k;, = K’ shifting s — s’ and 8" — s

in the second term and k — k + q in the third, Eq. (2.5) may be rewritten as

% ussT uss Vss’T ok - uss’
H= ) ¢ Xg (Fiiog ™ Ficara) Z PhrgX—q 9 X2 Ve

Q.k
V,,8,8 u,u s,s’
q
_ c x yvss't ss’
N Z <<Ek+aec2 B 0,@)? Z Zame ) % Xo X
Q.k
V,i1,8,8’
h2Q2 h2k2 I ussT uss’
=2 | " om, Z¢k+qv % e
Q.k
V,[,S,8 EV¢Z
hZQQ
= B ) xg xge
> (Gar +
14,8,8"
(2.6)
Here, the electron energy around the band gap has been approximated as parabolic
E,c = O\% th with o, = —o, = 1, B is the binding energy of the exciton in state

v and the relation >k ¢E¢Z* = 0,, has been used. The result is the dispersion
describing the energy of an exciton with COM Q.

2.2 Coupling

One of the ways excitons may be created is by photon absorption, when an electron
is moved to the conduction band leaving a hole in the valance band. Excitons that
may be created by simply absorbing a photon are called bright excitons and excitons
which require more complex processes are called dark. There are different reasons
behind an exciton state being dark, one reason is momentum as in TMDs and carbon
nanotubes [8, 9, 10] another is spin, which arises when the considered valance and
conduction bands have different spin. For an electron-excitation an additional spin
flip process is therefore required.
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Mathematically the coupling between electrons and light is, treating light classically,
described by

Hei=eg Y A-dIN) (2.7)

irj

where A is the electromagnetic vector potential, ey the electron charge and the
optical matrix elements d*/ = (i|p|j) describes a transition from state j to i. The
exciton is dark if the quantity A - d vanishes. In experimental setups, the vector field
is sometimes lacking a component in some direction, say 2. In this case an exciton
associated with a non-zero optical matrix element only in the z-direction d*/ o 2,
would not couple to the field and effectively be dark. Such excitons can be referred
to as gray.
Another important type of coupling is the one with phonons (collective motions
of the nuclei in a crystal lattice [11]), known as phonon scattering. Phonons are
usually divided into two groups: acoustic modes whose energy is proportional to
their momentum and optical modes with in general higher energies. Due to the low
velocities but heavy masses of nuclei, phonons carry in general relatively low energy
but high momentum. The relatively high momentum of phonons opens up for new
relaxation channels by allowing changes of the exciton COM. The scattering with
phonons can both be within bands (intraband) and in between bands (interband).
The general electron-phonon interaction in the electron picture can be expressed as

D700 N NP VAT AR ) Y RRD VA A (2.8)
s,8"\,q,k,j
where the first term describes the creation of an electron with momentum k + q
after annihilation of one electron with momentum k and a phonon with momentum
g, in other words an electron taking up momentum q from a phonon. In the same
way the second term describes an electron creating a phonon loosing a momentum q.
The coupling elements g in Eq. (2.8) is given by [12]

Hex— h — gj’)\ = Dj’)\ hQ -
e T\ 2phwi’

(2.9)

where the deformation potential Dj”\ is given by Dj’ D b for optical modes and

DJ’ = qD 2 for acoustic modes, huﬂ is the energy of the phonon and p the density
of the matemal

If only considering one conduction and one valance band A = {¢, v}, summing over
A and using the relations in Eq. (2.4) to rewrite in exciton picture, the following
exciton-phonon coupling expression is obtained

Heoopr = Y GI0%, 0 O XG o X6 by — gl et o XG o T X by + H.C.

s S/ S//

q,Q, k
]7”7“

(2.10)
where H.C. stands for the Hermitian conjugate of the two first terms. If s = ' = §”
and spin degeneracy is neglected, the expression can be rewritten

Hewopn = Y GU9* X4l Xbbg + G XETXE b (2.11)

q,.Q.k
TVl



2. Theory

with ' A ‘
G = Ek: O Phranads” — Pracady’) (2.12)

where o; = ™ and the wavefunctions represent the initial and final states [3]. Thus
the overlap of the wavefunctions is important for the scattering strength, the strength
is given by

v Vg ) 1 1 v )
rp=r 3 (6P (ng bk 2) S(BL,, — EY % ho) (2.13)
WAL =Y

where the sum is over all possible final exciton states u, all phonon modes j and
transferred momentum ¢ [3, 13]. The plus corresponds to emission and minus to
absorption of a phonon and ”2 is the number of phonons in the system.

A third possible interaction is that with a magnetic field. The Hamiltonian describing
the energy of electrons in an in-plane magnetic field with strength B is given by

A
Hel—mag: Z B%MB)\TI;;7S>\I€78/7 (214)
s,8" Ak

where ¢ is the magnetic coupling constant relevant for a magnetic field in-plane,

which may be different between different bands, and up = % is the Bohr magneton

[14]. Rewriting into an exciton basis the magnetic Hamiltonian is

B:U’B c v vk 518 838
Helfmag = Z ?(9 552,34551,573 -9 582,874551753)¢];¢l]~: Xg ! 4TX5 372 (215)
k.Q
51,52,53,54
W,V
Apart from shifting energies the magnetic field may also mix states, brightening
spin-dark excitons [15].
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Perovskites

Perovskite is the common name of materials having perovskite structure [1]. They
share the chemical formula ABX3 and a unit cell which is made up from B ions in
the corners, an octahedron of X ions around each B ion, and an A ion at the center
of the cell, see Figure 3.1. The A, B and X ions may be many different elements,
resulting in many different materials with the perovskite structure [1]. In addition
there are many structures apart from the cubic referred to as perovskites. Some
perovskites exhibit strongly bound excitons and optical properties dependent on the
excitons [4].

ABX, Perovskite 4‘ 4
®-=A A'l»

o0 PONPV

' @-=x l 4‘.1 4‘

i X A

IR LA o 4

Figure 3.1: The standard cubic perovskite structure, note that there are a lot of

different varieties of this structure still considered to be perovskites. Reproduced with
permission [1].

A special case of the perovskite structures are the two dimensional ones. In these all
or a fraction of the A ions are replaced by large organic ions (L) resulting in a layered
material [1]. These materials, described by the chemical formula L,,A,_1B,X3,11
where n is the number of inorganic layers connected to each other and m depends on
n, are often called 2D perovskites, although they are strictly speaking not perovskites
[1]. The alteration of inorganic and wide organic layers with different dielectric
constants leads to the formation of effective quantum wells [1]. As in other 2D
materials the reduced screening in one dimension leads to increased binding energies
of the excitons. However, as a difference to, for example, graphene, 2D perovskites
are not single layer materials but really a bulk material.

If the perovskites are approximated as cubic they exhibit one band gap at the I'-point,
see Figure 3.2 for the full band structure of PEA;Pbl, with and without spin orbit
coupling (SOC). Note also that there is no band dispersion in the z-direction, from
the I'-point to the Z-point, indicating the confinement in the z-direction. In lead
halide perovskites the conduction band is mainly formed by lead P-orbitals and the
valance band mainly by halide S-orbitals. Without SOC the conduction band would



3. Perovskites

be sixfold degenerate, this degeneracy is however lifted when accounting for SOC.
Including SOC the conduction band is split into a doubly degenerate lower band
and a fourfold degenerate upper band. Furthermore the spins and orbital states are
mixed so that the Bloch functions in the conduction band are not purely spin up or
down, but are, in symmetries Oy, Dy, and Dgp,, up to a phase factor given by [16]

|Ueks) = |cs) = (a | Pp5) + 180, |Py5) + 7| P.s)), (3.1)
where s denotes the opposite spin of s. In a cubic symmetry the factors are
a =+ =Ly = —\/Lg [2] where the plus is chosen for spin up and minus for
spin down.

Energy (eV)

B
e

| '

caioe!
=5

Energy (eV)

(b) With SOC.

Figure 3.2: Bandstructure of PEAsPbly when approximated as cubic, note the
bandgap at the I'-point and no dispersion in the z-direction, I to Z.

Further, both 3D and 2D perovskites exhibit strongly bound excitons still forming at
room temperature [4]. These excitons are important for the optical properties of the
material. The dynamics of the excitons are governed by the scattering with phonons

10
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and in perovskites particularly with optical phonons since the coupling to the acoustic
modes is weak [3, 5]. Therefore, as the dynamics of the excitons is dependent on
electron-phonon coupling, so are the optical properties of the perovskites [17].

The material constants of studied perovskites are presented in Tables 3.1 and 3.2.
The constants are the width of the inorganic layer Lyep,the dielectric constants of the
inorganic layer and surrounding organic layers eyen and €4, the effective mass of the
electrons (holes) m@) given in electron masses, the band gap E,; and the effective g
factors gr = ¢¢ + ¢¥ and g, = g — ¢" as defined in [5].

Constant /Perovskite ~PEA,Pbly

Luar (nm) 0.636 [3]
Ewell 6.1 [3]
Corg 3.32 [3]

me (mg) 0.19 [18]

mp, (mo) 0.25 [18]

E, (eV) 2.565 [3]
gr 4403 [5)
ar 1.9+ 0.5 [3)

Table 3.1: Material constants of PEAsPbly.

Constant/Perovskite CsPbCly CsPbBrs CsPbl;

€ 45 48 5.0
me (mo) 0.194  0.134  0.086
my, (mo) 0.170 0.128  0.095
E, (eV) 3.04 2.36 1.67

Table 3.2: Material constants of studied 3D perovskites [2].

11
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4

Exciton Landscape

Due to the spin degeneracy of the perovskite bands the solution of Eq. (2.6) gives a
fourfold degeneracy of each state. By considering a general two-particle interaction
an additional energy term, corresponding to electron-hole exchange, is found. The
exchange term is dependent on the spin configuration of the states and when including
this term in the Hamiltonian a hybridized exciton basis is obtained, splitting the
energies according to their total angular momentum. The model presented below
manages to capture the qualitative spectrum in 3D and gives a constant energy
splitting. In the strict 2D limit the gray state becomes dark and the long range
splitting becomes dependent on the exciton center-of-mass momentum. Further,
the lowest energy state is according to the model doubly degenerate which is in
contradiction to experiments [5], showing one non-degenerate energy level and three
levels close to each other the predicted energy splitting is however in agreement
with experiments. Unknown constants in the potential make numerical values only
estimative.

4.1 Inclusion of Exchange Interaction

Equation (4.1) describes a general two particle interaction, creating electrons 1 and
2 and destroying electrons 3 and 4:

_ Z ¢,k1,s150, k2,52 T
HCU - 5 V ,k3,s3;c,kq,84 kl S1vk2 82vk37530k4734
k1,k2,k3,k4
51,52,53,54

+Vv,k1,51;c,k2782UT T (4.1)

c,k3,s3;0,k4,54 “k1 slckQ,SQ Ck3,530k4:54

c,k1,51;0,k2,52 f T
+ c,k3,83;v,kq4,84 Ckl,slvkz S92 ck3,33vk4734

—i—Vv Jk1,s15¢,k2,52 T

.I.
,k3,s3;¢,k4,84 U’cl Slckz Szvkd S3ck4754'

The strength of the interactions is given by the Coulomb matrix element
Vido = OV e = [ 00y 0507) V(e = )W () W (r)drdr, - (4.2)
’ v

where V(r — ') is the material-specific Coulomb potential. The most probable two-
particle interaction is an intraband interaction when one electron in the conduction
band and one in the valance band change their momenta as described by the first two
terms in Eq. (4.2) and the black arrows in Figure 4.1. Less probable and therefore
considered as a correction is the interband transition (exchange interaction) when

13
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Energy

Momentum

Figure 4.1: The figure shows the band structure around the band gap for the
conduction and valance band in a parabolic approximation. Momentum on the x-axis
and energy on the y-axis. Flectrons are denoted by red circles. Black arrows indicate
momentum change of electrons within bands and green the equivalent exchange process.

electrons change bands, described by the two last terms in Eq. (4.2) and green
arrows in Figure 4.1. When deriving Eq. (2.6) the exchange interaction is therefore
disregarded.

Changing the order of the valence and conduction band operators in the second and
fourth term and interchanging 1 and 2 as well as 3 and 4 in the same terms, gives

_ T T c,k1,8150,k2,52 T T c,k1,51;0,k2,52

HC” - Z ckl,Slvkmszka’SSCk4754v;),k3,83;67k4,84 + Ck1781Uk2,82Ck3753vk4734Vfl,k3733§v,k4,54
ki1,k2,k3,ky
81,82,83,54

(4.3)

where the relation V32 = V2! has been used.

The matrix elements are evaluated using Bloch functions

and by Fourier transforming the potential

Vir) =Y Vel (4.5)

14
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The matrix element is then given by
Vi = / [ 00, ) W () V (0 = 1), ()0, () s’

= ﬁ Z// ez(*k1+k4+4)-ruzl (T)Ub4 (,r,)ei(*szrk?ﬁl;{)-r/u;2 ("'/)Ubg (’r’)qurdr’

= 5[y, (e ()%

q,R,R’
o . o ) (! /
i kithata) (i R) il ko ths=a) (" ROy g !

1

- ﬁ Z <ub1|ei(7k1+k4+q) (r+R) |ub4> <ub2|ei(7k2+k37q).(r/+Rl)|ub3> ‘/117

q,R,R

(4.6)

where the generalized notation b; = Ay, 5, with A = ¢, v has been used. In the third
line the integral over the whole volume has been written as a sum of integrals, each
integral over one unit cell. Note that 3. e!"F1+kitORgp = NS 6 4 4. 10 @ where
G is a reciprocal lattice vector, since otherwise the different contributions to the sum
are canceling each other; applying this relation the matrix element may be written as

Viats = 3 (up, | €97 ug,) (uny | € (i) Oq,60—a g —Gr—reaes V- (4.7)
q,G,G’

For the first term in Equation (4.3), no umklapp scattering, i.e., G = 0, is assumed
which gives the leading term

T T c,k1,51;0,k2,52

Z Ckl,slvk2752vk3ys3 Ck4754‘/jl) ,k3,s3;¢,ka,54
k1,k2,k3,k4
$1,582,53,54

= Z <uck4 +q,s1 u

ki,k2,k3,ka,q
51,52,83,54

(4.8)

T T
6k4,S4> <uvk3—q,s2 uvk3,53> chk4+q,31 Uks—q,s2Vks3,53Cka,s4

Approximating q ~ 0 for the overlaps gives (uy, ,|uk,s) = ds.¢, Which recovers the
four-operator term in Eq. (2.2).

The second term in Eq. (4.3) can be divided into two qualitatively different parts —
the long range part G = 0 and the short range part G # 0. Note that short-range
and long-range refers to the position space and is opposite to the magnitude of the
corresponding momentum vectors. The long-range G = 0 part is

LR __ c,k1,51;0,k2,52 T T
V - Z V (LR>Ck1,slvk2,sg Ck3733 Uk4754

,k3,s3;0,k4,84
k1,k2,ks k4
51,52,53,54

= Z <uck1,sl

k1,k2,k3,kq
51,52,53,54
q

= Z <uck4+qv81

k3,ka,q
$1,82,53,54

T T
uvk4,s4> <uvk2,52 uCk3753> Vllékl,q+k45k2,*q+ksck1,slvk2,320k3,83Uk4784

T T
uvk4754> <uvk37q,52 uck3,83> chk4+q,31ng—q,320k3,83Uk47847

(4.9)

which will be further evaluated through perturbation theory.
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4. Exciton Landscape

For the short-range part it holds that G, G’ > k; — k4, —ko + k3 since k is around
the I" point. Then q = G + k; — ks = —G’ — ky + k3, due to the different orders of
magnitude, which enforces G’ = —G. By rewriting ¢ = G + q' with small q’ the

condition q' = ki — k4 = —ks + ks is obtained and the expression for the short-range
terms looks like
SR __ c,k1,51;0,k2,82 T T
V - Z ‘/C,k3,83;’v,k4,84 (SR‘)Ckl,SlUk2,820k3,330k4734
k1,k2,k3,kq
51,52,53,54
_ iG-r —iG-r'
- Z <uck4+q’,51 € |uvk4ys4> <uvk37q,82 € |uck37's3> X <410)
k3,kq
51,52,53,54
q.G

T T
VG+Q’ Ck4 +q,s1 ng —q,82 CkS »S3 Uk4754 :

The short-range term can be further approximated by assuming ¢’ = 0 in the Bloch

functions and Vgyy = V. Note that Vg o N‘} - and that the N is moved out.

Further it is possible to Taylor expand e’¢" ~ 1 + iG - By using the relation

(U {H, 7} |2) = (B — Ey) (1] r[2) = (1] 2; < 2iph 1) (4.11)

the expression for the short-range parts is simplified to (note that the operators are
omitted for shortness but remain unchanged)

1 ., hp .~ hp
= N E2 Z <u0k4,s1 1+1iG - mioluvkél,szi) <uvk3,s2 1—iG- m70|u6k3,83> Ve,

9 k3,k4,G,q
51,52,53,54

VSR

(4.12)

which can be further evaluated through perturbation theory and assuming a form
for the Bloch factors w.

4.2 Perturbation

For evaluating the overlaps in Eq. (4.9) and terms of the form d})" = (As|p|\'s’) in
Eq. (4.12), perturbation theory may be used. In perturbation theory a disturbance is
added to the ground state Hamiltonian which results in changes of the wavefunctions
and energies. The results received when applying perturbation are presented here,
while the details can be found in Appendix A.

In the overlaps, Eq. (4.9), of the form (u,_ |ty,,s), the g is small and can be treated
as a perturbation. To first order the overlap is then given by

o @ . <ucks| ﬁ |uvks’> h

= -d2y 4.13
myo Eck - Evk mOqu * ( )

, uvk75/> = <uvk_q’.g/‘uck75>*

where the d) terms once more turn up. To evaluate these the energy is further
approximated to second order as

! 2
1 Rk? [ hk|d) | 1
B =-E,+ + :

A/\,X

(4.14)

2 2m0 myo
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4. Exciton Landscape

where Ay x = E\p — Eyg. By making a harmonic approximation the energy can also
be expressed as
1 h2k?

Enk: = *Eg +

; (4.15)

2me

with m, the effective mass of the electron. Putting the two expressions equal to each
other gives

! 2
1 R2k> [ hk|d)? | 1 1 h2k?
—-K 22 =-FE, +— 4.16
2 g+ 2m0 + ( mo A)\,)\’ 2 g+ Qm)\ ( )
with the solution for d
’ A Iaya
a2 = Moo (0 _ 1) 417
’ S$,S | 2 m}\ 9 ( )
note that there is no dependence on s, |[d*'|? = |[d"*|?, Ay = —Ay. and that

consideration of all directions gives a dimensional factor ¢ equal to the dimensionality
of the system

/ / ! 2A U 1 1
N2 = SN2 L g2 :M<_ ) 4.18
AV = SV 4 @A) = TR () (1)
which yields
:E, 1
q = | Mot L (4.19)
c  my

with m,, the reduced mass of the exciton. Note that the expression in Eq. (4.19) is
independent of momentum.

4.3 Effect of Spin Orbit Coupling

In the perovskites of interest in this work, spin orbit coupling gives rise to mixing of
spatial P orbitals and spin in conduction band, while leaving the S orbitals in the
valence band unmixed. Assuming cubic symmetry, the Bloch factors are given by
(note no momentum dependence)

[teks) = |es) = —=(= |Pe5) — 05| Py8) — 05| Ps))

S

(4.20)
|toks) = [vs) = [Ss)

where s denotes the opposite spin of s and o, is 1 if s is up and —1 if s is down; see
also Eq. (3.1) [16].

When applying the Bloch functions in Eq. (4.12) the constant terms vanish since
there is no overlap between S and P orbitals (S|P) = 0. Then only factors of
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4. Exciton Landscape

the form G - (vs| p|cs’) remain which may be expanded as (using a general vector
Aecq,G)
1

A (us|ples) = A- o]

— 53,5’05’ <SS| ﬁ |PZS/>

— 0,5 ((Ss] p|Pus’) +ioy (Ss| P |Pys'))],

the same holds for the long-range term but then A = q.

It is possible to further simplify the expression by considering the direction of the
dipole matrix elements. The direction is given by the momentum operator which is
in turn given by the nabla operator. The P; and S orbitals have angular symmetry
equal to that of the corresponding hydrogenic wavefunctions. Evaluating the angular
parts of the overlaps gives (S|p|P;) =7 (see Appendix B for a detailed calculation)
which leads to

d
A (vs|ples’) = —=[—0s500 A, — 6, 5(As + 104 Ay)] (4.21)

V3

and
VLR —+ VSR — Z (M;;;; (G)VG + M;gl 524(q)‘/11)624-%(1,51Ulttg—q7520k3753vk4784
k3,k4,9,G
$1,52,53,84
(4.22)
where
h2d2
MSS4(A) = —— — 65 520 Az 65 s- Ax . s'A X
$3,82 ( ) 3NE§m(2)[ 2,530 s3 + 2+ 3’0< T 8 y)] (4.23)

[051,54051 Az + 051 450,0(Az — 105, Ay)]
and d? is given by Eq. (4.19).

4.4 Exciton States

To add the exchange term Eq. (4.3) to Eq. (2.6), the terms need to be written in the
same exciton basis. The electron operators are rewritten

T T _ T T
Ck4 +4q,s1 Uk:g —q,82 Ck3753 Uk4 »S$4 T _Ck4+q,51 /Uk:'g, —q,82 /Uk4754 CkB 83

_ .t T
= Ckytq,51 (Uk4754vk3—q,82 - 6’64,’63711582,84)6’63,83

where the two-operator term is disregarded and the relations in Eq. (2.4) are used to
transform into the exciton basis

t 1 _ v vs1847 fi5352
Chytq,s1 Vka,54Vky—q,5,Chz,s5 = Z¢k4+ahq ks— aeqX X (4.24)

Combining this with Eq (2.6) yields the full expression for the Hamiltonian

nex (o

)
vss't yvss'
) Xq Xq

q,v,s,s’
+ Z (M;;’SS;(G)VG + M;l’;;( ) )¢k¢M*XI/51S4TXM83SQ (425)
ks3,k4,9,G
51,52,53,54
v,
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4. Exciton Landscape

When including the exchange interaction, the exciton basis X is no longer diagonal-

izing the Hamiltonian and a new hybridized basis including spin needs to be used.
The hybridized basis is

X;s’T _ Z 95s YT

nqg - nq

X;s Z ess *Y

Applying the new basis, from now on only including states y = v = 1s, since only
the lowest energies are regarded, the Hamiltonian becomes

"= Z( E15>2922Yiq292f;*5/nfq

q,s,s’ n
Y (MG + M @V ol o™ X 05 Yl D 0, Yoy
kK’ /
S1, 82 73365;4 n n
— Z 983 ,52
52 33
n n
Y (MES(G)Va + M @)V oo 0551055 Y, Vg
$1,84,G

_ 53,52 ()$3,82% /T
— Z Enqenq en/q anYn/q

q7n)n/783752

Where Y 63" = ¢(jg) = @° has been used. The matrix times the potential
M:zr24(A)V4 written out in the 0 basis is

53,52

51, 54 _ h2|¢ ‘2
2 M (AVa = 3N 2 VA
8382\8154 ™ ™ n H
= A2 AL (A, —iA,)  A(A, +iA,) — A2
t A(A+iA)  (A2+A2) (A, +iA,)? —AL(A, +iA,)
W A(A —iAy) (A, —iA)? (A2 A2 —AL(A, —iA,)
1 — A2 —AL(A, —iA) AL(A, +iA,) A2

Assuming spherical symmetry the G, G, and GG, terms cancel and G2 and G,
contribute equally when summed. The same holds for g, since due to the symmetry
of the operators it is possible to integrate over the angular dependency, in other
words Y,jq is independent of the direction of gq. The expression then simplifies to

A2 0 0 A2
2
> Va 0 24; 0 0 (4.26)
~-A2 0 0 A2

RaN
M35 ( AV, =
XA: sasa (A)Va 3cNE,m,
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4. Exciton Landscape

The whole eigenvalue equation HV, , = €, 4V, , in matrix form with symmetry
considered is

A2 0 0 A2 o o

nq nq
Ra 0 242 0 0 o1t o1t
x nq — nq
BTt soNgm, 27 0 o 24z o || [aff| T fait| - (42D
—A2 0 0 A2 o o+
z nq nq
with the solutions
0 0
2| gg°|? 1 0
€1 41 = E—|— 3CNE mu = Q(VgGi + ‘/qqi) fOl” \111’1 = O and \1111_1 = 1 s
0 0
1
2| ¢g°|? 110
=FE+ —39" N 2VeG2+V,¢?) for U= ——
€10 +3cNEgmu el (VoGi: + Vagz) - for 10 V21 0
—1
and

1

110
=F for Vgy=—

0 0,0 vz o

1

Note that E is negative and the shifts are all positive, making the dark state the

energetically lowest one and that the first subscript in the energies and states is the

total angular momentum and the second the angular momentum projected on the
z-axis.

4.4.1 Characterization of States

The states are characterized by evaluating their optical matrix elements, see Eq. (2.7).
When changing basis the relevant optical matrix elements transform as

D = 305D = Y 08 (4.28)

ss’

where ¢'¢ is the same for all transition elements and not explicitly written out in
the following. The dipole matrix elements for the hybridized states are evaluated by
using Eq. (4.21) with A being the electromagnetic vector potential, giving
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4. Exciton Landscape

Ccv 1 CcvU 1 CU d 2
Ccv 1 CcvU 1 CU d )
cv d PN . ~
DY oc —d} = 7 (A2 +1A,9) #0
d

DS o df = = (= Aud +iA,f) # 0.

V3
From these results the states are characterized as Ug*, UF5" and \Iflfrflh *. Note further
that the polarization of the light can be used to experlmentally differ between the
bright states. For left (right) polarized light the relation A, = (—)iA,, A, = 0 holds.
It follows that \I/]ff{ght couples to right-polarized light and \Iflf“,glh " to left-polarized
light.

4.5 Landscape in 2D

When considering the 2D case an envelope function f(z) is added to the Bloch
function Wi (r) = f(2)ug~o(r)e™I "I [19] where r| is the in plane position and k| the
in-plane momentum. The confinement function should mimic the confinement of the
electrons. In the strict 2D limit the envelope function is chosen to be a d-function
— basically removing all z components ¢, G, (S|0(2)p|P,) = 0. In the rest of the
thesis this will be the case referred to as 2D. The energy eigenvalue equation is then
modified to

0 0 0 0\] /0 ol
el 0 242 0 0 o1t Iy
x nq _ nq
Bt 3 NE;m, 2 Z Valo 0" 242 of| |6l | =gt (429
0 O 0 O 9% o+t
With the solutions
0 0
2|5’ 2 2 1 0
=L+ — 8eN Eym, o 2(VeGy + Vyqy)  for Wy, = 0 and WUy _, = 1
0 0
and

1 1

1 0 1|0

€0,0 = E  for \11170 = ﬁ 0 and \IJQ 0= ﬁ 0
-1 1

The dipole elements also change so that ¥, , changes from gray to dark, giving \I/gagk,
\Ii‘ff’gk and \Iﬂfiﬁlt.
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4. Exciton Landscape

4.6 Value of Bright-Dark Energy Splitting

The expression for the splitting is the same (apart from c¢) in both dimensions

Egp = SZZV‘%%;; S e 2(VeG2 + Vyq?), but its evaluation differs. The difference is

the method of obtaining the wave function, what potential that is used and the
dimensionality of momenta.

4.6.1 3D
In the 3D case, the energy splitting between the bright and dark states is given by
Egp = Plop’ x> 2(VaG2 + Vyq2) (4.30)
PP T 9NE My G GHe T el '

The potential in 3D is given by V; = ﬁzqg where €2 is the unit cell volume. Using

the 3D potential the sum in the short range term can be written as ZG ZGi =

2 2 2
> Y +G LA 2 since, assuming cubic symmetry, it holds that 3 —z =
3N G 3 g Yy y GG
ZG o= ZG G2 and G? = G% + G2 + G?. The sum in the long-range term can in
the same way be written ZG 2% =2 qﬁggﬂz = g, still assuming cubic symmetry.

So in total, the bright—dark sphttmg is

2m2 |y e

EFpp =2—~—"—.
BD 27E eegmy,

(4.31)

4meegh?

Further, |¢§°|* = -5 in 3D where a, is the Bohr radius given by a, = ey [2] and

V' is the volume of the sample!. Using the material constants in Table 3.2 the energy
splitting is evaluated for three cubic perovskites, the values are presented in Table 4.1
and are within one order of magnitude of values found in literature [2].

Perovskite Bright-dark splitting Egp (meV)

CsPbCl; 2.89
CsPbBr; 1.50
CsPbly 0.86

Table 4.1: Bright-dark energy splitting for three cubic 3D perovskites according to
Eq. (4.31).

4.6.2 2D
In the 2D case, the energy splitting between the bright and dark states is given by
E _ el 2(VeG2 + V,q2) (4.32)
BD 6N Eym,, ‘5 Ga e/ '

!Note that there is a factor % = N that is not accounted for. However, the numerical result
should not be dependent on the size of the sample. A similar problem arises in 2D.
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4. Exciton Landscape

. 2 . e
For the long range (small q) part the potential V, = m with 7o = LWQHQZZ@;;
is used in 2D [3]. The same potential is used when solving the Wannier equation
for getting the wave function |¢}*|* since that is done for small q. The long-range

splitting is thus q dependent and is explicitly

Rlog”  ae?
6F,my, 2¢eewenA(1 + 10q)

ELR — (4.33)

where ¢2 + qj = ¢? has been used. For the short range (large q) the potential behaves
differently and is given by V, = 5 [20]. In this work the dielectric constant, €, is

G2+G?

y —

Qeé 0G?
taken as that of the dielectric medium. With this potential the sum + LYe

G2
since G> = G + G and the splitting is constant and given by
h2|(25 |2 2
E 4.34
BD = 6F eeomu ( )

Using the material constants from Table 3.1, the constant short-range splitting is
found to be 25.39 meV in PEA,Pbl, comparable to experiments [5]. The total energy
dispersion and the long-range and short-range part energies for different COM are
separately shown in Figure 4.2. The short-range part is governing the overall behavior
and the long-range part is vanishing for small COM. Note that the momentum range
for the long-range part is much smaller than in the other plots to capture the behavior
around zero momentum.

—50 —— Bright —— Bright _50 —— Bright
_ Dark =225 Dark _ Dark
3 -100 2 3 -100
£ E-226 £
3-150 5 5-150
2 g 227 2
W —200 w w—-200
—250 -228 —250
-0.5 0.0 0.5 -0.10 -0.05 0.00 0.05 0.10 -0.5 0.0 0.5
Center of Mass Momentum (nm~1) Center of Mass Momentum (nm~1) Center of Mass Momentum (nm~1)
(a) Total energy. (b) Long range energy. (¢) Short range energy.

Figure 4.2: Total energy and short and longe range energies for PEA Pbly.
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Magnetic Field

In the presence of a magnetic field the symmetry of the system will change, mixing
the hybridized exciton states W, 3 of the non magnetic field case, and changing
the energies. Qualitatively important is that the degeneracies will be broken. The
energies in 2D are, however, still not in accordance with experiments [5]. In this
chapter the magnetically modified Hamiltonian is derived and the magnetically
modified states are qualitatively and quantitatively described.

Mathematically the effect of the magnetic field is seen by the emergence of magnetic
field dependent terms in the Hamiltonian. The diagonal elements are neglected. Note
that, as mentioned in section 2.2, only an in plane magnetic field is considered. In
the hybridized base, the magnetic Hamiltonian see Eq. (2.15) is

B,LLB C v S$1.S. 83,82%
HEl*mag = Z T(g 582,84581,8_3 -9 582,8_4581783)91111’ 4erﬁqQ Yrqun’tb (51)

k,q

51,52,53,54

note that since only 1s states are considered (u = v = 1s) that > ; gbgqﬁg* =1. On
matrix form in the hybridized basis the magnetic Hamiltonian is

0 —yg

Bpg | —-¢g* 0 0 ¢
2 g 0 0 —g"
0 —yg

He—mag = (5.2)

To easier appreciate how the magnetic elements affect the hybridized eigenstates, it
is advantageous to express the Hamiltonian in the basis of eigenstates in the absence
of a magnetic field ¥, 3. Then the matrix becomes

. 1,1 1,-1 1,0
Buy | 0 0 —9r 0
Hel—mag = = \I/]ffl_glht 0 0 gr gr ) (53)
2\/§ dark/gray
Ui —9r gr 0 0
‘I’S?Jk gL gL 0 0

where g;, = ¢¢ — ¢ and gr = ¢° + ¢*. The Hamiltonian in Eq. (5.3) mixes the bright
states with the gray and dark respectively. There is no mixing between gray and
dark states.
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5. Magnetic Field

Writing the full Hamiltonian, Eqgs. (4.27) and (4.29), in the same basis gives

€1,1 0 —B—fﬁ’g gr 72%3 gr
1 [
o 0 €1 3597 SAIL (5.4)
_ Bup Bugp € 0 :
BQ\/g ar %\/5 gr 1,0
Tf}g gL —255 gr 0 €0,0

Solving the eigenvalue problem gives the energies and states as a function of magnetic
field. The energy levels are

1
Ef = 5 <6070 +e \/(60,0 —€141)? + (BHBQL)2> (5.5)

and 1
Ef = 5 <€1,0 +ea1 £ \/(6170 —€141)% + (BMBQT)2> ) (5.6)

with the eigenstates

1 +
L1
Tt — 1 1 | %111
L — + O =
N(O,O),L vz jE0
BunoL (eo,o — €141 \/(eo,o - 61,11)2 + (BHBQL)2) ¢L,070(5 7)
and
1 $T11
NTE= 1 —1 - %1 1
T N(il,o),T _7B;ng (61,0 — €41 £ \/(61,0 —€e11)%+ (B,MBQT)Q) - ¢%(,)1,o
0
(5.8)
Here, the normalization factor
+ 2+ (Bings)?\
EA — €141 €Exr —€1,41)° + (DUBYs
Niz = V2. |1+ ( Blings ) (5.9)

is used, note that the expressions do not apply for B = 0.

For L states the ratio of the coefficients of the two bright states is 1 and for the T
states the ratio is —1. This is opposite to reference [5]. One possible reason may be
the definition of spins. In this work the spin of the empty state in the valance band
is used instead of that of the hole.

By analyzing the values of the coefficients, ¢, in 3D, seen in Figure 5.1 (generated by
using the g-factors of PEA,Pbl, see Table 3.1), it is found that W} has the largest
dark component and the plus states the largest bright components. In 3D the T
components are constant since €; g = €; 41 and are pairwise the same, in 2D the T
components are dependent on the magnetic field. The lowest energy is E; since
gr, > gr in PEAsPbI,. All energy degeneracies are broken due to the magnetic shifts,
for the energies’ dependence on the magnetic field see Figure 5.2, depicting both
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5. Magnetic Field

the 2D and 3D cases. The energies qualitative dependency on the magnetic field
is similar to experimental results [5] but quantitatively seems to be about a factor
6 off in its dependency on the magnetic field — for 360 T the energies are similar
to the experimental at 60 T. Note that the 3D case is once more generated using
the g-factors of PEA,Pbl,. Motivated by the comparison being with results from
measurements on PEAsPbly.

0.751

0.501
0.25
0.00

—0.25]
—0.50

Value [unitless]

—0.75]

—1.001

0 100 200 300 400 500 600
Magnetic field (T)
Figure 5.1: Values of coefficients in 3D. Note that ¥, has the highest absolute
valued dark state coefficient. The g-factors of PEA,Pbl, have been used since ulti-

mately measurements on that perovskite is the ones compared with. The T+ and T~
coefficients are overlapping.

2.355 2.355
S - S 2345 -
% 2.345 E, %) E
32.340 Ef g2.340 E*
R + P +
o 2335 Er g 2:335 E
— Ef — Ef
C T c T
L 2.330 (0 2.330
2325 \ 2.325 —T
2.320 2320
0 100 200 300 400 500 600 6 100 200 300 400 500 600

Magnetic field (T)

(a) The 3D case shows almost the same
qualitative dependence as found experi-
mentally for the 2D case, but is quantita-
tively wrong [5].

Magnetic field (T)

(b) The 2D case does not quantitatively
neither qualitatively reproduce the exper-
imental results [5]. Falsifying the taken
approach for 2D.

Figure 5.2: Energy levels in 2D and 3D. The magnetic field results in four non-
degenerate energies. The g-factors of PEA,Pbl; have been used in both cases.

Expressing the states in the hybrid basis can be useful when analyzing the spin
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configuration of the states

1 (e — € + \/( — )2 + (B )2) ¢i0’0
Buggr \"00 1,+1 €0,0 — €1,41 UBJL f
L ! ! 11
WL - i 1 p— :t’ bl
Ni.oyL P
Bz (€00 = erar £y/(e00 — 101)? + (Bpupge)?) ¢f’f3’0
(5.10)
and
! 2 2 d)%l 0
~Biser (10— evar £ /(610 — €1.40) + (Busgr)?) e
Vi = . 1 _ 71,1
TNy —1 =1 _ . *
N o)1 P
ﬁ (6170 — €141 E \/(61,0 —e141) + (BuBgT)Q) _‘f’%o
(5.11)
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Phonon Scattering

Phonon scattering is the most important relaxation process for excitons [3]. In the
exciton basis an electron scattering with a phonon is described by Eq. (2.10). Phonon
scattering can further be divided into processes which conserve the spin and those
which, assisted by a spin flip process, allow for a spin change. A phenomenological
spin flipping process will be treated here where a spin flip is allowed but not motivated.
For a proper treatment the spin flip process needs to be identified and the expression
for the scattering changed accordingly.

6.1 Scattering With Spin Conservation

If spin is considered when transforming Eq. (2.8) to the exciton basis, the following
expression expressed in the hybridized exciton basis is obtained

1sx s’ s x
637 ph — Z 653 k+ahq E “n.Q+q"n'Q
s s/ S//

q,kQ
jmn,n’
I s’ * -I- -
— GL O Ot 0584 a0 ) Yo g Yo bl +
ls/l //Sl

, 1sx W 1 1s 1 1sx * 1 i
+ 55 5/( C¢~ lii—ahq ZSQQS’Q-H] U¢~S 158—04 eq ZQ fl SQ-‘rq)Yn»QYnIQ""qbZ]
— Z 088 st *GJ*YTQ_H’Y /Qb] + st st *GgYmQYn’Q—l—qbgT

Dnn GnnJY QY ’Q—i—qu + H.C..
(6.1)

The d-functions are introduced to enforce spin conservation and the element D™ =
D5 953 955 * to simplify notation. Further note that for the cases considered, that
0 is known to be independent of momentum and that only y = v = 1s states are
considered. Then, as in section 2.2 the scattering rate is found to be

nn’ nn'j j 1 1 n’ n j
— RS |G <n; +ok 2) 5B, — Bl £ hOI). (6.2)
j,q,£,n
When studying specific transitions D™ is crucial and is given by D™ = O, only
allowing for scattering between the same states. This is expected since the states
are orthogonal to each other (they are independent states) and no spin change is

allowed which could break the orthogonality.
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6. Phonon Scattering

6.2 Scattering Without Spin Conservation

In this section spin flip is going to be allowed. This is naively done by simply
allowing for a spin change. To investigate this mechanism properly a specific spin
flip process needs to be considered, which may change the character of the scattering,
and the results here are therefore only indicative. When allowing for spin change the
o-functions are removed from Eq. (6.1). By introducing the scattering element

Ly = Y (e Flona)ty — gy F(—o.a)0; )05
5,8,8"! (6.3)
with
= 0, (6.4)
k
it is possible to rewrite Eq. (6.1) as (note no é-functions and that 6 = 6*)

nn* nn T
Hep ph = Z LJQq nQ+qY ’ij +L YTQY’QJrqu )

]nn

(6.5)

with scattering rate

/ -1 1 / :
=m0 P (05 ) OBy — B £ 10, (6.6)
7,q,&,n’

To determine the scattering rate L;L];/ needs to be evaluated. By summing over
the spins it is found that the relation Eq. (6.3) may quite simply be expressed as
L = C" Gt The constants C™ for the different transitions, with no magnetic
field considered, are presented in Table 6.1. It can be seen that scattering between
the dark and bright states is now possible.

oy . /
Transition ||
v, < Vv, 1
\Illljnig?t — \I,dark B
bri ht

bright brlght
v s =Yy

s
bright brlght
\Ijl ,—1 ‘Ijl —1

bright bright
vy 1 —= —1

dark/gray dark
v = V5%

Table 6.1: Values of the transition constant C' between 1s states with no magnetic
field but with spin flip allowed.

30



/

Discussion

The qualitative spectrum in 3D is correct and the quantitative results are in the
right order of magnitude. In 2D the energy splitting of 25 meV is in agreement
with experiments [5] but not the qualitative spectrum, instead of one gray and one
dark state the model predicts two dark. The problems are most likely due to a
too approximative treatment of the 2D confinement. The phonon scattering results
indicate no one-electron scattering with conserved spin, which suggests inefficient
scattering since spin changing processes are usually (much) less likely. Such a process
would not contradict the experimental results [5]. It would, however, be interesting
to further understand these more complex processes. In the following are the model
of the exciton spectrum and possible ways of treating the 2D case more accurately
discussed. Also the scattering results are addressed and two suggestions for spin
changing scattering processes are presented.

Exciton landscape with and without magnetic field

In the 3D case the predicted spectrum is qualitatively correct with two bright, one
gray and one dark state as expected [2, 5]. The quantitative result is more difficult
to assess since results available in the literature are inconclusive and estimates of the
splitting vary [2, 21]. Noting that especially the reliability of the Taylor expansion
e'G" =~ 14iG - r is somewhat questionable, the numerical results of the model are not
expected to be accurate. Apart from the factor six in the magnetic field dependence,
the energy levels in the magnetic field follow rather well the experimentally measured
ones for 2D see Figure 5.2. Another difference is that E; is found to have a
slightly higher energy in experiments [5]. This could possibly be corrected by not
approximating the perovskite as cubic but using its true symmetry. Note that the
g-factors of PEA,PbI, were used in 3D which is of course not correct, but should
still be sufficient for the present treatment of the magnetic field.

The treatment of the 2D case, using a d-confinement function, is most certainly
inaccurate. Both the lack of gray states, which are impossible to get when neglecting
z components and the degeneracy of the lowest energy level are clear indications of
that. It is also evident that completely omitting the components in the out-of-plane
direction is an approximation, and apparently that approximation is too coarse to
apply in 2D perovskites. At the same time the energy split of 25 meV is reasonable
compared with experiments [5] and the good predictions of the 3D model, indicate
that a smaller perturbative modification to correctly treat the 2D case could be
successful.

An obvious improvement could be to choose a more realistic envelope function than
a o-function. Another envelope function would lead to (S|pf(z)|Z) not necessarily
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7. Discussion

being zero, thus allowing for gray states. Another major problem is that, for the
mixing of states and energy splitting of the two lowest states, A - (S|p|Z) needs to be
non-zero and not negligible, for receiving a splitting of the gray state comparable to the
bright one. Since (S|p|Z) o Z it means that a momentum transfer in the z-direction
is required. In addition, the envelope function must also be physically reasonable
fulfilling the boundary conditions on wavefunctions. Finally, not as fundamental,
but important for the applicability, the expression including the envelope function
should be possible to evaluate.

Intuitive envelope functions to choose are the wavefunctions of a particle in a quantum
well. For a single quantum well there is no periodicity in the z-direction and therefore
no GG, so no short-range part. The problem with the long-range part is that for an
infinite quantum well the smallest possible momentum is large, a multiple of Lw7irdth

which is outside of the first Brillouin zone, which makes the assumption ¢ = G + q’
with ¢’ small questionable. Another problem may be the discreteness of the allowed
momenta.

If instead assuming a finite quantum well the momentum spacing would decrease,
maybe enough for giving a small enough smallest momentum and an effectively
continuous spectrum. However, for evaluating the momenta, the effective mass in
the confined direction is required. This effective mass is within the model infinity,
due to the lack of electronic band dispersion in the z-direction. With a valid method
of estimating the effective mass the finite quantum well could be a good approach.
One problem though, is that the long-range splitting should remain dependent on q
and vanish around q = 0.

If instead aiming at the short-range part, periodicity needs to be included in the
z-direction to give rise to a GG, component. The material is known to consist of
regularly spaced layers, so there is obviously a periodicity. A simple way to enforce
this is to choose a periodic envelope function

’

0, z€[-L+nR.,—%+nR,]
C(Z+nRZ) = sz(Z), z € [_g—i_nRz;g"i_nRz]
0, z¢€ [g +nR,, é +nR,]

The problem with this envelope function is that no conditions are put on the
momentum in the z-direction (for example k1, and ky4,) due to the plane waves of the
Bloch functions only being in the plane (e?*I”"I), compare also with Eq. (4.10) where
the plane waves give rise to conditions on k.. The lack of conditions on k. makes
the evaluation of ( Jrre (2) fra (2)€°9 7 |y, s,) tricky. Also, without any

Ue
k12+qﬂ +k4H ;81

value for k. the envelope functions for a quantum well

fo(2) = {sin k.z

cos k,z

cannot be evaluated. The problems basically boil down to the same as for a single
well — k cannot be evaluated or cannot be assumed to be small. It is also not certain
that an envelope function of that form is valid.

A fundamentally different approach is to include the 2D character of the system
through the potential. This should work well as long as the potential remains 3D
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7. Discussion

and is possible to Fourier transform in a way similar to Eq. (4.5). Finding such a
potential and transforming it has, however, proven difficult. The first approach was
to assume uniformly distributed charges in the z-direction. This, however, gives a
potential that is independent of z-component [22]. Likewise, no solution for two
point charges not assuming cylindrical symmetry removing the z-dependence have

been found. A third anisotropic Coulomb interaction A / \/ “’;7’2’/‘2 + 72|z — 2|2 has

been studied. But has not been possible to Fourier transform in any way giving
useful results. There should, however, not be any fundamental problems with the
two latter potentials and it may be possible to find ways of using them.

In the preceding, the explored approaches to treat the 2D confinement and the
reasons for why they have eventually been abandoned were described. Some of them
could, however, be further explored and, given more work, be successful. Other
possible approaches could be to go back to a more fundamental level and try to
better model the electronic wavefunctions in perovskites and for example extract the
effective mass in the z-direction. In this context, reference (23] could be of interest.
Another approach could be to try to modify the model of Pikus and Bir to become
2D [24].

Two electron phonon scattering As discussed in chapter 6, assuming spin
conservation there cannot be any phonon scattering between different states. This is
possible to understand considering that the exciton states are orthogonal - lacking
any wave function overlap. All four states considered in this work are having the same
spatial wave function (1s) since those have the lowest energy, so the orthogonality
uniquely lies with the spin composition, a composition in this work independent of
momentum. That is different from when the orthogonality lies in the spatial wave
function, then the orthogonality is potentially broken when a momentum transfer
q is accounted for -, (chﬁzqu. Making scattering between for example 2p and 1s
states possible. For the same to be possible here, some sort of spin altering process
is required.

The required spin change could for example come from chiral phonons. Such
phonons may be able to change the spin when interacting, possible by the interaction
)\L +q78)\k73/bq75_31. From section 6.2 such a process is indicated to enable scattering
from bright to dark states. However, these interactions and character of the phonons
need to be further understood before any conclusions can be drawn. Crucial is the
character of the interaction, is the angular momentum of the chiral phonon really able
to change the spin and in that case how precisely do the angular momentum of the
phonon have to match that of a spin flip s — s’. Perhaps it is rather the conservation
of angular momentum that should be considered. A part of further understanding
this is of course to investigate what chiral phonons, if any, that are present in the
studied perovskites and what total angular momentum they are carrying.

Another possibility, exploring the spin mix of the perovskites, is by considering
two electron scattering. In the interaction defined in equation (2.8) one electron
is changing its momentum upon phonon scattering staying in the same band, see
Figure 7.1a. Staying in the same band the spin is well defined and cannot change.
On the other hand, a four electron operator process /\,21751)%4’54)\22782 /\}63783 (AN£XN)
as seen in Figure 7.1b could take place both within the same (black arrows) and
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7. Discussion

between bands (green arrows), compare with the electron-hole exchange interaction.
In this case there could actually be a spin change since a spin in the conduction band
has an overlap with both up and down spin in the valance band see Equation (3.1).
Since the exchange interaction needs to be considered for getting the accurate states
in perovskites, it is not far-fetched that so should also be the case for the scattering.
Future studies of the origin of scattering in perovskites seem very interesting.

Energy

Momentum Momentum

(a) An electron interacting with a (b) Two electrons interacting with a
phonon. phonon.

Figure 7.1: The figures shows the band structure around the gamma point for
conduction and valance band under parabolic approrimation. Momentum on the
z-axis and energy on the y-axis. FElectrons are denoted by red circles and phonons
with a red arrow. Black arrows indicates momentum change of electrons within bands
and green the equivalent exchange process. The latter allowing for a spin change.
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A

Perturbation

For evaluating the overlaps in Eq. (4.9) and terms of the form d)" = (As|p|\'s’) in
Eq. (4.12), perturbation theory may be used. In perturbation theory a disturbance
is added to the ground state Hamiltonian (denoted by °) which results in changes
of the wavefunctions W,, and energies E,;. The following notation is used (note
that the notation is different from in the rest of the thesis and that any discrepancy
should be considered an error in the appendix)

H = Hy+ \H'
Uy krge = Voo + AW e + XU n k+ g, s) = [nks)” + X |nks)' + X* [nks)".
Euk = Ep + AE,, + NE
(A.1)
The Schrodinger equation is
H\I/n,k:—&-q,s - Enk\I]nks
which can be expanded according to
(Ho 4+ AH')(|nks)? + X [nks) + A2 |nks)") (A.2)
= (E% + AE', + N2 E" ) (Inks)°’ + X|nks) + X2 [nks)"). '
The expression in Eq. (A.2) can be grouped after order in A
A0 Hy|nks)’ = E°, |nks)’
AL Hy|nks) + H' |nks)® = E°, |nks) + E', |nks)°
P Hy|nks)" + H' |nks) = E° |nks)" + E!, |nks)' + E, |nks)°
and by further multiplying A' by (nks|” Eq. (A.3) is obtained
(nks|® Hy [nks)’ + (nks|’ H' |nks)® = (nks|” E°, |nks) + (nks|’ E, |nks)" (A3)

— (nks|” H' |nks)’ = E/ .

Further it is noted that
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H |nks)’ = 3 |'ks)’ (n'ks'|” H' |nks)° + |nks)° (nks|” H' |nks)"
if n’'#n,s’ (A4>

else s'#s

which is used for the Al-expression giving

Ho|nks)' + > in'ks')’ (n'ks'|” H' |nks)° + |nks)® (nks|’ H' |nks)"
if n'#n,s’
else s'#s

—E°, |nks) + E', |nks)° . (AD)
—Hg |nks) + > ks’ (n'ks')” H' |nks)® = E°, |nks)’

if n/#n,s’
else s'#s

By first multiplying by (n"ks"|’

(n"ks"|” Hy|nks)' + Y (n"ks"|” |n'ks")’ (n'ks'|” H' [nks)” = (n"ks"|" B2, |nks)’
if n'#n,s’ 5 f
else s'#s n! ! Ol sl

— Y (n"ks"|" H' |nks)® = (E°, — E%..) (n"ks"|°nks)’
if /' #n,s""
else s/ #s

(A.6)

and then by |n"ks”)°, the following expression is obtained

(n"ks")” H' |nks)°

1, 10
70— Ro In"ks")
nk n'k

Inks) = >
if n’’#n,s"”
else s"#s

_rq 3
LY. n''#n,s"
else s"'#s

(n"ks"|” p|nks)"
E’gk - E’?L”kf

\n"kzs"}o .

To the first order the perturbed bloch functions are then given by

hq (n”ks”[oﬁ |nk:s)0 0
n.k+q,s) = |nks)’ + — > n"ks")"
| %9 =| > if n"/#n,s" Ep = Ejng | > (A-8)
else s/ #s

which can be used for getting the first factor in Eq. (4.9), namely
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<U’Ck4+q,51 ka4,s4> = <u0k4,sl uﬂk4,s4>
h n"kys"|’ p|ckys )0\
X Eq Z << Eéék |_p£!70 : 1) ) N (n"k48"!0uvk4,34>
if n''#c,s"” cky n' ky
else s"#s1
_hq > (vkss"|" plckasy)”\" %0
m S// E2k4 - E8k4 s ’84 (A.g)
hq <Ck484’0ﬁ‘0k481>0 ’ 0
+ o ; ( S, — B9, * (ckys”| g, 50)
S4F£81 C C
_hq (vkysy|’ P |chysy)’ ** _ @<0k481|oﬁ|vk484>0 _h q-d
m E2k4 - E’l())k4 m E((z)k4 - E8k4 mEg e

Assuming the momentum operator does not change spin the second term in the
second line is zero, and the division by 0 is not a problem. The other factor in
Eq. (4.9) is in the same way found to be

<u7~}k37q,52 u6k3,83> - <uvk3,52 uck3,83>

hq 3 (n"kss"|” p |vkss,)’
m Eq[))kg — E2//k3

3
) % <n"k:35"|0uck3,53>

if n''#v,s"”
else s"#s9
0 ~ 0 * 0 A 0
o hq (cksss|’ P |vksss) . _@(vk382| D |cksss) _ h q-d*
m \ B, — B, mo By =B, mB
(A.10)
Eq. (4.9) now becomes
h h
. dcv* . dcl) V
ks%vq Egm Egmq o Ceasi T, (A1)
$1,82,53,584

By continuing with perturbation it is possible to evaluate Eq. (A.11), starting by
multiplying A' by (n’ks’|” which gives

(n'ks'|” Hy |nks) + (n'ks'|” H' |nks)° = (W'ks'|” E%, |nks) + (n'ks'|” E., |nks)°
(EY, — E%) (n'ks'|” |nks)' + (n'ks'|” H' |nks)® = E', (n'ks'|” |nks)° .
(A.12)

Then the case n’ = n, s’ = s is considered, yielding

h’k?

om

(nks|” H' |nks)’ = E, = (A.13)

Further is Eq. (A.4) multiplied by (n”ks”|” resulting in
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<n”k$8”’0 H |nk:s)0
= Y (n"ks"” In'ks")’ (n'ks'|” H' |nks)® + (n"ks"|” |nks)° E!,

if n/#n,s’

else s'#s <A14)
= Y ("ks")" H' |nks)’ + (n"ks'|” |nks)’ EL,
if n"'#mn,s"”

else s"'#s

which can be used in Eq. (A.12) resulting in

(B, — B (W'ks'|” [nks) + " (n'ks'|” H |nks)’ + (n'ks'|” [nks)" EL,,
if n'#n,s’
else s'#s

= Ey, (n'ks'| [nks)"
('ks'|” H' |nks)° B
(Enk = Ee)

(n'ks'|° % Inks)"

n'ks'|® |nks) =
sk = > (B B

>

if n/#n,s’ if n'#n,s’
else s'#s else s'#s
(A.15)
Multiplying by |n'ks’)° gives
hk (n'ks'|” p|nks)’ 0
k ! = PR /k / ]
|n S> ifn%é:n g T (Egk - E?L/k) |n S> (A.16)
else s'#s

Then multiplying A2 by (nks|” gives

E°, (nks|” |nks)” + (nks|’ H' |nks)’
=F° (nks|’ |nks)" + E., (nks|’ |nks)’ + E!, (nks|’ |nks)”
(nks|’ H' |nks)' = E",,

(A.17)
Multiplication of Eq. (A.16) with (nks|’ H' gives
hk ('ks'|” p|nks)’ 0
E". = (nks|" H— In'ks'’)
* if n/Z;,gn’S/ (Egk - ES’k)
else s'#s (A18)

7 2
hk hkp 1 , o (RE|dT\? 1
= (nks|’ — — o In'ks')" =
(nks m m A”v”ifn%é:ns’ v Inkes') ( m A

else s'#s

n,n

The harmonic approximation can then be used around the band minimum to get an
expression for the energy, only considering the z-direction Eq. (A.19) is obtained
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1 k2 (Rk|dPTNY 11 h2k?
En :7E 5,8 :—E _ A19
. 29+2m+( m >AM 2" " o, (8.19)
A
e =" ””(7"—1) (A.20)
2 my,

Considering the additional directions as well and summing gives an additional factor
¢, note |dyi | = |50 2 = |57 2 = |dy7|? = |d|* and A,z = —Ay, which is used to
get a relation for d

n,n .M mAn KD m mAﬁ,n m
claf* = £ (122 + a2 P) = T (—1>+ (-1)

mp mp
B mAnﬁ ( m 1> mi, 5 ( m 1) _ mAy ( m m ) (A.21)
2 My, 2 ms 2 My My
which in turn gives
2
g, — | L (A.22)
: c my,

Note that there is no momentum or spin dependence.
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Vector Components of Dipole
Matrix Elements

The matrix elements (S|p|P;) point in the same direction as (S| V |F;). The nabla
operator in spherical coordinates is

1
V = (sin € cos ¢& + sin 0 sin ¢f + cos 92); + —(cos 8 cos ¢z + cos O sin ¢y — sin H2) j@
roor

(—sin ¢ + cos gbgj)da;

rsin @

(B.1)

The S and P orbitals are having the same angular symmetry as the correspond-
ing hydrogenic wavefucntions, mathematically in spherical coordinates the angular
dependency may be expressed as

\Ills X Cl7
U, o cosb, (B.2)

VU, o sinf cos ¢,

v, o sin fsin ¢.

Only considering the angular part of (S| V |P;) and removing all constants factors
the overlap is

P d 1 d 1 Cood
(S| VP = /sm&x(sm@cos (b% +o cos 6 cos (b@ + m(— Sln(ﬁ@)) sin 6 cos ¢
g d ] o .d .
+ sin #7(sin 6 sin ¢y% + . cos 6 sin ¢y@ + g ¢ qﬁﬁ) sin 6 cos ¢
A d 1 . d. .
+ sin 6%(cos 9$ — _sin 0@) sin 6 cos pdpdl

P 1 d
o sin 0Z(sin 9% + . €08 «9@ + 7

) sin 0d6.

(B.3)
Terms in the g-direction will all contain the factor fozﬂ sin ¢ cos ¢d¢ and therefore
vanish same for the 2-direction and [;™ cos ¢d¢. The ¢ integral in 7 is [Z™ cos® pdp =

7. In the same way it is possible to show (S| V |P,) =x ¢, (S| V |P,) = 2.
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