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Abstract
Exciton-Phonon Interactions in Complex Materials
by
Jonah Haber
Doctor of Philosophy in Physics
University of California, Berkeley

Professor Jeffrey B. Neaton, Chair

The interaction between excitons and phonons is fundamental to the nature and fate of
photoexcitatons in solids, with important implications for spectroscopy and transport mea-
surements, and for applications in optoelectronics and clean energy. In this dissertation,
we present recent advances in computing exciton-phonon interactions from first principles.
We implement a recently proposed linear-response reciprocal space-based framework which
involves contracting electron-phonon matrix elements computed from density functional per-
turbation theory (DFPT) with exciton expansion coefficients obtained after building and
diagonalizing the ab initio Bethe-Salpeter Hamiltonian, which is built on density functional
theory and the GW approximation. We apply this formalism in unique ways to study phe-
nomena related to exciton-phonon interactions, namely the nature of exciton diffusion in
acene crystals, the dynamical screening of excitons in halide perovskites due to lattice vibra-
tions, and the asymmetric lineshapes in MoS, stemming from off-diagonal exciton-phonon
coupling.
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Chapter 1

Introduction

Condensed matter physics is the study of emergent properties and phases which arise in
systems of many interacting particles, e.g. solids, liquids, etc. For a large class of physical
systems it is possible to reduce the problem of many strongly interacting constituents to
a theory of weakly interacting quasiparticles and collective excitations [1]. Often these
quasiparticles behave much like their non-interacting (bare) counterparts but with altered
(renormalized) physical properties. In other instances the quasiparticle may have no bare
counterpart and their existence is intimately tied to the many-electron system in which it
lives.

This thesis is centered on the interaction between a specific quasiparticle and collective
excitation: the exciton and phonon. The former can be thought of as a bound electron-
hole pair, and often dominates the low energy optical response of semiconducting materials
manifesting physically as resonances in the absorption spectra |2]. The latter is a quantized
lattice vibration and in contrast to the exciton involves the collective motion of all ions in
the system [3].

The exciton concept was established nearly 100 years ago with models of Mott/Wannier [4,
5] and Frenkel [6], which describe excitons in the weakly- and strongly-bound limit, respec-
tively. Today these models serve as useful touchstones for understanding optical excitations
at lowest order. At the same time they are understood to be phenomenological descriptions
appropriate only in extreme limits and often fail to give quantitative results in real materi-
als. This failure is especially palpable in complex materials, e.g. low-dimensional transition
metal dichalcogenides [7], organic semiconductors [8], and lead-based halide perovskites [9],
all of which show great promise for next generation optoelectronic applications. As these
materials exhibit a large degree of structural and chemical heterogeneity, it is unsurprising
that they support a variety of excitons and the need for a predictive framework flexible
enough to describe excitons across a diverse set of materials is self-evident.

Over the last two decades, computational excited state methods have established them-
selves as robust tools for accurately describing excitonic properties across a wide range of
complex materials including the set given above [10]. The GW method, where G is the
Green’s function and W the screened Coulomb interaction, and Bethe-Salpeter equation
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approach |11} [12], grounded in many-body perturbation theory (MBPT), has proven to be
particularly successful in this regard. At the time of writing this dissertation, computational
capabilities have matured to the point where many static properties such as the exciton bind-
ing energy and optical absorption spectra are readily computed for systems with hundreds
of electrons using standard codes such as BerkeleyGW [13]. In this sense, the time is ripe
to move beyond calculations of static excitonic properties and turn towards dynamics. This
venture starts with a careful study of interactions between exciton and other fundamental
particles. While many such interactions exist, e.g. exciton-exciton, exciton-electron, exciton-
photon (polariton), etc. [14], perhaps the most relevant for understanding exciton dynamics
is the exciton-phonon interaction [15]. The interaction between excitons and phonons is fun-
damental to the nature and fate of photoexcitatons in solids, with important implications for
spectroscopy and transport measurements, and for applications in optoelectronics and clean
energy. While there exists a relatively mature framework for computing electron-phonon
interactions and derived properties including transport coefficients, spectral functions, and
superconducting critical temperatures [16], similar computational methodologies for com-
puting exciton-phonon interactions are only now just beginning to become available and the
consequence of such interactions have not yet been fully explored in a first principle context.

Further, from the early work of Toyozawa [15] at the model Hamiltonain level, we ex-
pect this coupling to be fundamentally different from either electron-phonon or hole-phonon
coupling due to the correlated nature of the exciton which in turn gives rise to non-trivial
correlation effects between the electron and hole channels. One of the most striking examples
of this is a phenomenon which we refer to as polaron interference 17, |18]. Here, the polaron
clouds associated with a bound electron-hole pair overlap and partially cancel with some-
times drastic consequences for the exciton binding energy even in “simple” semiconductors.
We will elaborate more on this in Chap. 5.

In this dissertation we detail our work to both (i) extend first principles methodology
to study exciton-phonon interactions in complex materials and (ii) apply our formalism in
novel ways to complex systems to both rationalize existing experimental findings and predict
new phenomena. This dissertation is organized as follows.

In Chap. 2, we review the relevant parts of electronic structure theory we require for the
rest of the dissertation devoting special attention to the Bethe-Salpeter equation approach
for computing exciton energies and coefficients and density functional perturbation theory
for computing electron-phonon matrix elements, two critical ingredients for constructing the
exciton-phonon matrix element |19].

Chapter 3 focuses on a novel scheme we developed for constructing a maximally-localized
Wannier function representation of the exciton. In essence, this work is a generalization of
the usual maximally localized Wannier scheme for single particle excitations [20]. While not
directly related to exciton-phonon coupling, this work sets the stage for Chap. 4 where we
require a localized basis for studying phonon based exciton hopping. Further, as discussed
in more detail at the end of this chapter, this formalism has direct consequences for the
efficient interpolation of the exciton-phonon matrix element throughout the Brillouin zone
in a manner analogous to what is done at the electron-phonon level [16].
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In Chap. 4, we put forward an ab initio framework for predictive calculations of exciton
diffusion coefficients in the weak and strong exciton-phonon coupling limits. In the latter
limit, we generalize the Lang-Firsov |21] transformation to the multi-band case, introducing
gauge freedom into the formalism. We fix this gauge freedom using the maximally localized
Wannier technology developed in the previous chapter. We use this framework to predict
exciton-polaron energies and exciton diffusion coefficients of low-lying spin triplets in the or-
ganic semiconductors naphthalene, anthracene, tetracene, and pentacene, elucidating trends
with increasing acene size. Our theory leads to phonon renormalized exciton energies and
diffusion coefficients in good agreement with experiment, and illustrate the general utility of
this framework.

In Chap. 5, we focus on how lattice vibrations couple to the internal structure of the
exciton, extending the standard ab initio BSE formalism to include phonon screening effects
at lowest order in the electron-phonon interaction. We introduce an additive, q- and w-
dependent contribution to the screened Coulomb interaction, W, associated with phonons,
adopting a general form developed by Hedin and Lundquist [22] but neglected in contempo-
rary calculations. We apply this framework to a set of all-inorganic lead-halide perovskite
crystals in the low temperature, orthorhombic phase using the ab initio Frohlich electron-
phonon vertex introduced in Ref. |23], and we show that phonon screening plays a major,
but not exclusive, role in the exciton binding energies of this emergent class of optoelectronic
materials. Finally, we develop a simple but general expression for the phonon-screened ex-
citon binding energy for arbitrary isotropic semiconductors in terms of u, €4, €¢, and wro,
providing a means for identifying semiconductors for which phonon screening effects will be
significant.

In Chapter 6, we develop and apply a first-principles approach to study exciton-phonon
coupling in monolayer MoSs and reveal the highly selective nature of exciton-phonon coupling
due to the internal spin structure of excitons, which leads to a surprisingly long lifetimes
of the lowest energy bright A exciton. Moreover, we show that optical absorption processes
rigorously require a second-order perturbation theory approach, with photon and phonon
treated on an equal footing, as proposed by Toyozawa [24]. Such a treatment, thus far
neglected in first-principles studies, gives rise to off-diagonal exciton-phonon coupling matrix
elements, which are critical for the description of dephasing mechanisms, and yields exciton
linewidths in excellent agreement with experiment.



Chapter 2

Electronic Structure Methods

2.1 Introduction

The coupling between electronic and ionic degrees of freedom is central to many studies in this
dissertation. As is such, in this section we focus primarily on aspects of electronic structure
related to this interactions. After giving a high-level overview of ground and excited state
theories in Sec. and a concise summary of Kohn-Sham density functional theory and its
reciprocal-space implementation in Sec. 2.4 we detail in some depth density-functional
perturbation theory and its application to studying lattice dynamics and electron-phonon
coupling in Sec. 2.7 In Sec. we turn our attention to many-body perturbation
theory and common approximations used to compute renormalized eigenenergies. In the
last two of these sections special attention is given to WP!, the phonon contribution to the
screened electron electron interaction. This quantity will play an important role in Chap.
5. In Sec. |2 we discuss the Bethe-Salpeter equation formalism for computing excitonic
properties and finally in Sec. [2.14] we define the exciton-phonon matrix and related it the
contraction of the exciton expansion coefficients and electron-phonon matrix elements. This
quantity is central to the discussion in Chap. 4 and 6.

2.2 The Many-Body Hamiltonian and Ground vs.
Excited State Theories

The Hamiltonian, we concern ourselves with in condensed matter physics takes the form
VvZ o1 1 AV Z;
= — — 4+ = _— — 4 — _— 2.1
zi: 2 +2;|I‘i—l‘j‘ 2M[ Z’R[—R]|+;’ri—R[" ( )

where r; and R; denote the positions of the i*" electron and I'" ion respectively while Z; and
M7 denote the effective charge and mass associated with ion I. Unless stated otherwise, we
work in atomic units, A = m, = e = 1. As a first approximation, the nuclear coordinates are
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often taken to be clamped at their equilibrium positions so that the kinetic term associated
with these degrees of freedom can be neglected and the nuclear positions, Ry, can be de-
moted from operator to classical variable [25]. Even after these simplifying approximations,
the many-body wavefunction W(ry,ry...ry,;Ry...Ry;) is still prohibitively expensive to
compute and for systems with more than ~ 10 electrons a direct solution is often infeasible.

In many, if not all practical cases, it turns out that experimentally measurable properties
do not depend on the detailed motion of all particles and the entire many-body wavefunction
is not required to make physical predictions. Instead it can be sufficient to focus on reduced
quantities — i.e. quantities with many degrees of freedom integrated out. An important
example is the ground state density, n(r), related to the many-body wavefunction through

n(r) = Ne/d3r2 oo dry U (e, . Ty )W (r, o .. Ty,), (2.2)

where N, denotes the number of electrons in the system. Physically, n(r), is the proba-
bility density to find an electron at position r. Importantly, it was proved by Hohenberg
and Kohn [26] that for a given ionic configuration, the ground state energy E is a unique
functional of n(r) —i.e. £ = E|n(r)] — so that in principle knowledge of n(r) allows for the
prediction of all ground state properties. Notably, many properties of interest are related to
total energy differences, cohesive energies, lattice constants, adsorption energies, ionization
energies as well as the the preferred structural and magnetic ordering of materials are all
examples of properties which can be determined from differences in E. While a host of
other linear response functions are related to infinitesimal changes in E in response to per-
turbations. Examples include the elastic constants, dynamical matrix, polarizability, Born
effective charge, magnetic susceptibility and Raman tensor [27, [28].

Unsurprisingly, not all experimental observables can be easily related to total energy
differences. A classic example is the quasiparticle dispersion which is a measure of particle-
like excitation energies. Here one needs a different framework, one based on the single particle
many-body Green’s function, G(rt, r't’). In Sec. , we will show how the poles of this object
are related to excitations of the many-body system. While G(rt,r't') is more complex than
n(r) it is still much simpler than the many-body wavefunction for large numbers of electrons.

In light of the above discussion, it is natural to ask: is it possible to determine reduced
quantities like n(r) or G(rt;r't") without recourse to first solving the many-body Hamilto-
nian? The answer turns out to be a resounding yes (at least in theory), and this framework
is used for much of the work in this thesis, and we review it in the subsequent sections.

2.3 Kohn-Sham Density Functional Theory

One year after Kohn and Hohenberg established that the ground state energy, E, of an
interacting system can be expressed as a unique functional of the single particle density n(r)
[26], Kohn and Sham put forward an scheme for practical calculations [29]. Their strategy,
which is still widely used today, is to map to a fictitious, non-interacting system which
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generates the same ground state density as the interacting system. Because the reference
system is non-interacting, the wavefunction for this system can be expressed as a Slater
determinant of single-particle orbitals. There are many excellent sources for deriving the
Kohn-Sham (KS) equations, here we state some results [30, |31].

The Kohn-Sham equation is usually cast as an eigenvalue equation of the form

<_%3u%u0m®=awm (23)

where ¢; and ¢;(r) are the Kohn-Sham eigenenergies and orbitals respectively and Vig[n](r)
is the Kohn-Sham potential. The Kohn-Sham potential is in turn composed of three terms

Vis[n](r) = Vien(r) + Via[n](r) + Vie[n](r), (2.4)

where the notation [n] has been introduced to denote terms which depend functionally on the
ground state density. The ionic contribution is determined by the position of the underlying
atoms which compose the system. While the Hartree and exchange-correlation terms are
defined, respectively, as

wm®=/£%ﬁ2| (2.5)
Vi) = e, 26)

where FE,. is the universal exchange-correlation functional. The Hartree term is familiar from
electricity and magnetism and is the classical potential an electron in state ¢ experiences due
to all other electrons (and itself). By contrast the exchange correlation energy is purely
quantum mechanical and is for general systems unknown. The first proposed and most
well know construction of Vi.[n|(r) relies on the local density approximation (LDA). This
approximation begins with e"¥%(n), the exchange-correlation energy per unit volume for
a homogeneous electron gas (HEG) with uniform density, n, which has been accurately
parameterized against Monte-Carlo simulations [32]. In the local density approximation n
is promoted from a scalar to a function, n(r), so that

@%WﬂszmMﬁmw , (2.7)
n=n(r)
from which it immediately follows
dgHEG
W%Wﬂszw+n ) . (2.8)
dn n=n(r)

For some initial guess for the ground state density, n(r), Vks[n](r) can be constructed as
prescribed by Eqs. and Equation[2.3|can then be solved to obtain KS eigenstates,
¥;(r). With these eigenstates, a new ground state density, n(r), can be calculated using

MﬂZZMMMR (2.9)
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where f; denotes the occupation of the " orbital. If n(r) differs from the previous density, the

entire procedure is repeated and a new density is computed. This cycle is repeated until the

density is unchanged between cycles. In this way the density is computed self-consistently.

At the end of the KS cycle, the ground state density is, in principle, guaranteed to be

equivalent to the ground state density of the many-body system. In practice the density will

differ as a result of the approximate exchange-correlation functional used, e.g. LDA.
Finally, with the ground state density, the total energy E[n(r)] is given by

Ne/2 1

Bin)] =2) ei— 5 / %d%d%’ + Beeln] — / n(r)vee(r)dr + B0 (2.10)

where E°"i°n denotes the contribution to the total energy due to ion-ion interactions.

2.4 Plane-wave DFT and the Pseudopotential
Method

In this thesis, we work exclusively with extended solid-state systems, systems that possess
some discrete translational symmetry. From Bloch’s theorem, we know single-particle eigen-
states of these systems can be written as

1/)nk<r) = Gik'runk@'), (211)

where n is the band index, k, the wavevector, and wu,,(r) is a cell periodic function so that
Unk(r) = unk(r + R) where R is a lattice vector. The periodicity of w,k(r) ensures that it
can be expressed as a Fourier expansion, namely

Unk(r) = chk(G)eiG’r, (2.12)
G

where G are reciprocal lattice vectors, related to lattice vectors R through the relation
R - G = 2mm, where m is an integer and ¢,x(G) = (k + G|t,k). These relations motivate
the choice to expand the Kohn-Sham eigensystem in a basis of plane waves. In this basis,
the Kohn-Sham eigensystem takes the form [33]

k+ GJ* / /
Z [TéGG/ + <k + G|VK5’k + G >:|an((} ) = €nkcnk(G), (213)
o

where €, are the eigenenergies which when plotted as a function of k give the Kohn-Sham
bandstructure. Generally, one solves Eq. in a subset of G vectors setting an upper
cutoff — i.e. [k + G|?/2 < Eoy.

One challenge associated with the procedure is that ionic potential is long-range and falls
off very slowly in reciprocal space, i.e. (k+ G|Vion|k + G) o< 47/|k + G|*>. A solution is to
use a shorter range potential which produces the essential feature of the true ionic potential
in the chemically relevant region. The idea dates back to the early work of Philips and
Kleinman [34]. In this thesis we work exclusively with norm-conserving pseudopotentials [35].
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2.5 Density Functional Perturbation Theory

Importantly DFT can formally be extended to compute first order changes in the ground
density energy due to static perturbations. This extension is called density functional per-
turbation theory (DFPT) [27]. Consider a perturbation, 0V (r), to the external potential.
This change will in turn induce a change in the wavefunction, ¢ (r), and ground state den-
sity, dn(r). The change in the ground state density will induce a change in the Hartree,
dViu(r), and exchange-correlation, 6V,.(r), potentials. Below, we collect a set of equations
which relates all these quantities

SVies[0n] () = 8V (1) + Vialom] (x) + WZ—;@(M(I‘) (2.14)
(Hks — €i) |5¢z‘> = —(0Vks — d&;) |¢i> (2.15)
= 2Re Z Y (r)6ei(x (2.16)

Equation is often refereed to as the Sternheimer equation [36] and is an intermediate
step in deriving the first order Rayleigh-Schrodinger correction to the wavefunction, |07), in
the presence of a perturbation 6V.. In the same equation, de; is the first-order change in
the eigenenergy ¢;, and is given by dg; = (1;]0Vexs|1:). In practice Egs. are solved
iteratively provided Hyg for the unperturbed system has already been solved and |1);) are
known.

Two critical advantages of using the DFPT approach are: (i) it only requires occupied
states and (ii) for periodic systems, these equations can be solved in the unit cell regardless
of the wavevector associated with the perturbing potential. To see this last point, consider
a monochromatic perturbation with wavevector q — i.e. dVks(r) = 0qViks(r)e'd™ where
0qViks(r) is a lattice periodic function. When specialized to this case, Egs. take
the form

9qVks(r) = 9qVex(r) + / d’r a—(?e—iq~<r—f’> 4 Boxcln) dqn(r)  (2.17)

|I‘ - | dn n=n(r)
(HS® = ) [Atta) = —0qVics i) (2.18)
0 (1) = 23 (1) At q(r), (2.19)
vk

where Hgq = e~ T Hige™ ™. In this form, the DFPT equations have been reduced to a form
which involves only lattice periodic functions, namely, HyG (1), OgVext (1), dqn(r), dgVics(r).

2.6 The Dynamical Matrix from DFPT

The DFPT formalism can be used to study lattice dynamics. Let 74, denote the initial
positions of each atom in the solid, with k denoting the position of the k' atom in the unit
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cell and p labeling the cell relative to the origin. Consider now perturbing this these ions
with some monochromatic perturbation, with wavevector q, so that the new positions of
the atoms are given by T3, + ui(q)e’@®» where ui(q) defines the distortion pattern. If the
distortion is small, it is meaningful to speak of the rate of change in the ionic potential that
it induces. The change takes the from

OVion(r)

— piqr r
T (@) €'V O q Vion (1), (2.20)

where « labels the Cartesian direction of the displacement and Ogq qVion(r) is the planewave
periodic part of the change in the potential which can be explicitly expressed as

aIcoz,q‘/ion(r) = Z eiq(

p

(2.21)

In this form, it is readily verified that Oga,qVion(r) is cell-periodic in r. The derivative on
Vion(r) can be performed analytically and, in Fourier space, the result reads

OraqVion(G) = —i(q + G)oVi(q + G)e O™, (2.22)

where we have used the convention f(G) = V! [dre™"¢* f(r) where V. is the unit cell
volume and V}, the psuedopotential for ion k.

Taking Oa.qVion(r) as the perturbing external potential, the DFPT equations, ,
can now be solved to obtain the induced change in the density, Oga qn(r) and change in the
Kohn-Sham potential Ok, qViks(r). With these ingredients the change in the total electronic
energy is given by

S2Ee :/( In(r) >* a‘/ion(r))d3r+/n(r) OVin(r) (2.23)

8“20& (Cl) gy (CI) O (CI) Qg oy (q 8U2a (q) O o (q)

That the second derivative of the total energy with respect to ionic displacements can be
determined as a function of the first derivative of the electronic density is a specific case
of the (2n + 1)—theorem. This theorem, is an extension of the Hellman-Feynman theorem
and states that the (2n + 1) derivative of the total energy can be computed from the n'h
derivative of the wavefunction [37].

The mass reduced dynamical matrix [3, [25] is defined as

1 |: 62Eel N aZEion
VMM [Ouj, (q)Oupa(q)  Oui,(a)Oupar ()]’

where the second term on the right-hand side is the second order change in the ionic con-
tribution to the total energy. Eigenvectors of the mass reduced dynamical matrix give the
eigenfrequencies, wq,, and eigenmodes, &} (q), of the system, specifically

ZDkk/ 51« q) = wiyéza(q), (2.25)

D (a) = (2.24)
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where v labels the branch index of the mode. The eigenvectors are a complete basis and we
can represent any displacement in this basis, explicitly

1 1 A
Upop = —= Y [ 5i——Ela(@)e TP, + by, 2.26
kap \/Fq %V: 2Mkwq,}§ka(q) [ q q ] ( )

where 1y, denote the change in the position of the k™ jon in the a-direction located p unit
cells from the origin. M;, denotes the mass of the k" atom and in writing down Eq.
we have also quantized the theory introducing phonon creation b’ ., and annihilation by
operators.

qv

2.7 The Electron Phonon Matrix Element from
DFPT

In addition to the change in the total energy with ionic displacement, to compute the electron-
phonon coupling matrix element, we also need to know how the DFT Hamiltonian itself
changes with respect to ionic displacement. Consider again the displacement wy,,. If the
displacement is small we can expand the Kohn-Sham Hamiltonian about equilibrium coor-
dinates as

r
Ukap +* (2.27)

\Y4
Hgs(r;mo+u) = ——— + Vks(r, 70) + Z
k

where the notation Hgg(r; 7o + u) symbolically denotes the KS Hamiltonian with ionic
coordinates displaced from their equilibrium position, 75, by u. The final term in this
expansion ultimately gives rise to the electron-phonon interaction and can be treated as
a perturbation, presently we label it Hepn(r). We can use the normal mode expansion in
Eq. to rewrite this perturbation in normal mode coordinates, namely

Hepn(r) Z {

qqy

Z svm a,mqus< )| (0 gy +0q) (2.28)

qu,,

where &m aVks(r) is cell-periodic and defined in a manner analogous to Jga,qVien(r) (see
Eq. [2.20). Notably, at the end of the DEPT cycle, we have access to Oga,qVks(r) so that the
electron—phonon Hamiltonian can be parameterized.

To clean up the notation, it is common practice [38] to rewrite Eq. in terms of the
electron-phonon matrix element which we define in real-space as

don(r) = — SACY
& V2wqy 5= V2Mj

6]“17(1‘/}(3(['). (229)
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Finally we can quantize the theory in the electronic coordinate, taking the unperturbed
Bloch states as our basis, so that Hep, reads
- 1

Helph = Z Imnv (k> q)chrrLk—i-ank(bT—qy + bqu)a (230)

VNa %

where we have introduced the notation

G (k, @) = (mk + q|e’4" gq, (r)|nk)

= (Umktq|gqv(T) ‘unk>ue )

(2.31)

where the subscript uc denotes that the integration should be performed over the unit cell.

2.8 The Single-Particle Many-Body Green’s Function

To this point, we have been primarily concerned with DFT, which as emphasized in the
introduction, is a formally exact theory for studying ground state properties. For studying
phenomena related to single-particle excitations, DF'T within common approximations often
performs poorly. In fact, the DF'T eigenvalues cannot formally be interpreted as quasiparticle
excitations and care should be used when trying to interpret them in this way [39]. To study
excitation energies, we need a more general object than the ground state density n(r). That
object is the single-particle many-body Green’s function (abbreviated here as just the Green’s
function |[40-42]). Below, we define this object and give its microscopic interpretation and
connection to excitation energies.
In many-body theory, the Green’s function is defined as

Grtx't') = —i (U | (et (1) W)) (2.32)

where 9f(rt) and ¢(r't') are Fermoinic creation and annihilation operators, respectively,
T is the time-ordering operator, and W}’ denotes the N-particle ground state. Physically,
G(rt; r't) encodes the probability for a particle (or hole) injected into an N-particle system at
position r’ and time ¢’, to be found at position r at time ¢. Microscopically we can interpret
this as a propagator.

For systems in equilibrium, G(rt; r't’) can be expressed as a function of the time difference
t —t" and it will often be useful to work in the Fourier representation, defined as

G(r,r',w) = /dtei‘“(ttl)G(r,r’,t —t'). (2.33)

Working in the frequency domain and inserting a resolution of the identity, we arrive at the
Lehman representation |40} |41]

, W o) ) (N st ()] 8,
Gl = 30 LI (02 ey .

s
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where U+ and EN*! denote the s excited state Dyson-orbital and energy, respectively, of
N =+1 many-body system. In this form, we see that poles of the Green’s function give electron
addition, (ENT! — EIV) and removal, (EY — EN~1), excitation energies. The imaginary part
of G gives the spectral function, A(w).

2.9 The Hedin Equations

To this point we have discussed the Kohn-Sham formalism for constructing an auxiliary
system whose solution, in principle, gives the exact ground state density, n(r). We would
like find a similar set of equations whose solution gives the single particle many-body Green'’s
function. In condensed matter communities, these equations are referred to as the Hedin
equations |22, |43], we state them below

G12) = Go(12) + / 4(34)Go(13)5(34)G (42) (2.35)
»(12) = / d(34)G(13)I'(324)W° (417) (2.36)
We(1,2) = ve(1,2) + / d(34)v.(13) P (34)W*(42) (2.37)
P(1,2) :/d(34)G(12)G(41+)F(342) (2.38)
T(123) = 5(12)5(13) + / d(4567) ggiﬁ;c:(%)e(%)r(mg), (2.39)

where $(12), We(12), P(12), ['(123) are the electron self-energy, screened Coulomb inter-
action, electronic polarizability, and vertex correction, respectively. While v, and G are
the bare Coulomb and non-interacting Green’s function, respectively. In writing down Egs.
we have adopted the notation that numbers label space-time points so 1 = (ry, ;)
and 3(12) = X(r1t1,ratz). Finally the T symbol denotes that the time variable for that in-
dex should be taken infinitesimally later than the time index which proceeds it, for example
G(14") should be read as G(rt,r't +n) where 7 is an infinitesimally positive quantity.

As presently written the equations may seem unfamiliar and unmotivated. The form
of these equations appears much more natural when viewed as deriving from the QED
Lagrangian instead of the non-relativistic many-body Hamiltonian |44} 45]. In this context,
G and W are interpreted as dressed propagators for the electron and photon respectively
while Gy and v, are their bare counterparts and ¥ and P are the electron and photon
self-energies. Finally I'(123) is the dressed electron-photon vertex while §(12)3d(13) the bare
counterpart. That the vertex is a 3-point interaction is not surprising given the electron-
photon interaction in the QED Lagrangian is also 3-point. Starting from the non-relativistic
Hamiltonian, it is possible to restore this 3-point coupling at the cost of introducing an
auxiliary Bosonic field by making a Hubbard-Stravonovich transformation on the 4-point
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Coulomb interaction [46]. The auxiliary field introduced in the process is precisely the
photon field. Finally we remark that the infinitesimal time orderings which appear in [2.36
and are a consequence of integrating out the photon field and taking the non-relativistic
limit. When the full photon propagator is retained, this time ordering issue does not appear.

2.10 The GW Approximation

A direct solution of Eq. is generally not computationally feasible and as a result
a number of approximations are typically made [11, |47-49]. First, vertex corrections are
ignored so that I'(123) = 0(12)6(13). With this approximations the Hedin equations collapse
to

SOW(r v w) = % /dw’G(r,r’,w + YW (r, ', W)™ (2.40)
We(r, v’ w) = /d?’r”s_l(r,r”,w)vc(r" —r') (2.41)
e(r,r,w) =4(r,r') — /dgr”Pel(r, r"’ w)v(r” — 1) (2.42)
Pl(r, v, w) = i/dw/G(r, v w+ )G, W), (2.43)

where we have expressed all quantities in the frequency domain. Next the full interacting
Green’s function is replaced with the non-interacting Green’s function, i.e. G(12) = Go(12).
Then, U} takes the form of a single Slater determinant and Gy can be expressed as [40, |41]

Go(r,r',w) = Z %, (2.44)

J
where ¢;(r) and ¢; are single-particle orbitals and energies associated with state j while 7 is
an infinitesimal positive or negative quantity depending on whether ¢; lies above or below the

Fermi energy. With this approximation, the integral in Eq. can be performed exactly
and polarizability is given by,

U7 ()1 ()9 () i (r)
& —¢&j +w + Z?’]

Pel(r7 r’,w) = Z(fz - f]) (245)
)
where f; denotes the Fermi-Dirac occupation factor for state i |50, |51].

In general the frequency integral for the self-energy, appearing in Eq. 2.40] cannot be
evaluated analytically as we did for the polarizability. Short of computing the integral ex-
plicitly it is still possible to build some insight by noting that the integral can be analytically
continued in the complex plane so that it decouples to two terms, namely

YW (r, 1 w) = 2% (r, 1, w) + U (r, 1, w), (2.46)
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where

2
occ (2 .47)

— = > v — &),

zﬂuJu@_-l/de@Juw+wﬂmywanﬂaW
C

where the P in the first line is the Cauchy principal value. We are able to perform this part of
the integral because the poles of GG are explicitly known. Additional details on the evaluation
including the contour, C, used can be found in Ref. [52]. We label this contribution SX,
because it has the form of a dynamically screened exchange interaction. The second term
takes the form

™

YOl (e 1 w) = QL/ dw'P|G(r,r' | w + )W (r, 1’ ' )e™ . (2.48)
c

Here we cannot proceed further without additional approximation because unlike Gy, P,
and ¢, the poles of e7! and in turn W are unknown. Short of performing the numerical
integration, one way to proceed is to fit e~ to a plasmon-pole model, e.g. the Hybertsen-
Louie [11] or Godby-Needs [52] plasmon-pole model. Then the pole structure would be
known and the integral could be performed. Here, because we are just interested in the
physical content of XM we make an even more drastic approximation and take the static
limit. It can be shown that

YU Y w=0) = %5(1‘ — 1) [W(r, v, w) — ve(r — 1')]. (2.49)
This term can be interpreted as the electrostatic energy associated with the quasiparticle
and charge it displaces when it is created. It is know as the Coulomb hole term [43].
Having interpreted %W, we now discuss how to use it. With the explicit form of G
given in Eq. Dyson’s equation, Eq. [2.35] can be cast as an eigenvalue equation with
the form
v2 3. /5 GW / /

- + Vien(r) + VH[n](r)] i(r) + /d 'S5 (e, ', B (x') = Edy(r). (2.50)
Equation has the same form as the Kohn-Sham equation but the with exchange cor-
relation potential replaced by the GW self-energy. In this light, we can view XV (r, 1’| w)
as an effective, non-local, frequency-dependent potential which the electrons of the many-
body system move in. In theory Eq. could be solved self-consistently for both the GW
eigenvalues, F;, and wavefunctions, in practice, from many systems, the KS and GW wave-
functions are very nearly the same so that XWV(r, 1/, w) can be treated pertubatively. The
the equation we must solve is

B = e+ (i, v, B)i), (2.51)



CHAPTER 2. ELECTRONIC STRUCTURE METHODS 15

where the distinction between the Kohn-Sham, ¢;, and GW, E;, eigenvalues should be kept in
mind. Eq. can be solved graphically but often it is sufficient to expand (i|X(r, ', E;)|i)
to linear order and solve the resulting linear equation [11].

Finally, we note that up to this point we have given all expressions in real space but
for periodic systems calculations are typically performed in reciprocal space. We define the
two-point Fourier transform using the following convention

1

V;ctal eYel

f(I‘, I‘/) _ ei(q-i—G)-rfGG/ (q)e—i(q—i-G).r/’ (2‘52)

with this convention in reciprocal space, the polarizability reported in Eq. reads [53]

1 kle—iatG) |k k i(a+G)r|k
Ple(qw)= — (nkle mk + q) (mk + gle Ink) (2.53)
‘/;(tal 'k Enk — Emk+q +w + m

While the convolutions over response functions in real-space take the form of products in
reciprocal space. For instance Eq. becomes

WGG/(q, w) = 5610'/ (q, w)vc(q + G/) (2.54)

2.11 The Hedin-Baym Equations

As presently written, the Hedin equations of the previous section assume ions are clamped
at their equilibrium locations. It is possible to extend these equations to include harmonic
fluctuations of ions about their equilibrium position. These auxiliary equations involve the
displacement-displacement correlation function defined as

Dkap,k’a’p’(t - t,) =—1 <Tukap(t)uk’a’p’(t/)> ) (2.55)

which encodes how ionic motion is coupled in space and time. An extension of the Hedin
equations to include the motion of Dyap iy (t — ') and its influence on the electronic struc-
ture is summarized in Ref. [38]. Here we state a subset of these additional equations relevant
to this thesis.

The motion of the Dyap rrarpy (w) is governed by the following Dyson-like equation

Z [Mkw25kap,k”a”p” — Hkap,k”a”p” (W)]Dk”a”p”,k’a’p’ (u]) g 5kap,k’a’p’v (256)

k//a//p//
where M, is the mass of the " jon and the phonon self-energy can be expressed as

82
el / el !
Hyap prary (W) = § : Zka/W[(Sk’pﬁk”p”W (r,1',w) = Spppry W (r, 1 70)]T:"18p'r':"';8/p/7
k'p o o

(2.57)
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with Zj, denoting the charge on the k™ ion. For a fixed W,(r,r',w), Eq. and [2.57
are sufficient to determine the phonon frequencies and eigenmodes. We observe that the
influence of the electrons on ionic motion is entirely contained in We(r,r’,w).

There is some back action on the electrons due to the phonons. In much the same way
that the effect of electrons on the ionic motion can be packaged into W*, much, though not
all [38], of the effect of ionic motion on the electronic structure can be packaged into WPt
defined through the following equations

1 ‘ ,
WPh(r, r';w) = oA Z g,:mq(r,w)Dka,k/agq(w}gka,q(r’,w)e’zq'(r’r ) (2.58)
g ka,k'a’q
where
gka:Q<r7w) = /dr,e1(r7rl7w>aka,q‘/ion(r/)- (259)

Physically, we recognize ga,q(r,w) as the electron-ion coupling matrix element which, when
inverse Fourier transformed to t — ¢’ encodes how the displacement of ions along pattern
ura(q) at time t’ couples to an electron at r at time ¢. With this in mind, we interpret
WPE(r r’;w) as a dynamically screened electron-electron interaction mediated by a lattice
distortion.

The phonon contribution to the screened interaction, WP", contributes to the electron
self-energy in a manner exactly analogous to W, namely [22],

YPR(12) = /d(34)G(13)F(324)WPh(41+). (2.60)

We note that this is just part of the influence harmonic ionic fluctuations have on the
electronic structure. For this thesis, this amount of theory is sufficient. In the next section
we will see how the many-body formalism of Hedin and Baym reduce to quantities computed
from DFPT under the adiabatic approximation.

2.12 Connecting the Many-Body Formalism with
DFPT

The purpose of this section is two fold: (i) to summarize the applicability and limitation of
DFPT and (ii) to expand on the definitions introduced in the previous section, particularly
WP which will play a central role in Chap. 5.

The connection between the many-body formalism and the expressions previously derived
in the context of DFPT lie in the adiabatic (Born-Oppenheimer) approximation. In the
many-body formalism this approximation reduce to taking the static limit (w = 0) of the
phonon self-energy. To see this explicitly, we note the static limit of the phonon self-energy
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can be expressed as
n(r)\  Vien(r) 4 / PVien(r) 4
H o ‘ol p! = O = d —d
kap,k’a’'p (w ) / <8ukap) auk/a’p’ r + n(r> au;;apauk’o/p/ '
aZEion—ion
aukapauk/a’p”

(2.61)

which is entirely equivalent in form to the DFPT inter-atomic force constants (the inverse
Fourier transform of Eq. 2.24). Details on the derivation can be found in [38]. In a similar
manner, taking the static limit of g4, (r,w = 0) gives a from for the electron-phonon vertex
analogous to the DFPT vertex. We expect both approximations to be legitimate in the limit
where e} (w = 0) ~ e (w = wpp) with wpy, denoting a typical phonon frequency. Based
on Eq. we expect this semi-equality to hold in the limit where electronic excitation
energies are much great than the ionic ones, i.e. E; > wpy,. For all semiconductors studied
in this thesis, we expect this equality to hold.

Before closing this section we return to the electron-phonon self-energy P!, defined in
Eq. When the static electron-phonon vertex is used, this correction is equivalent to the
Fan-Migdal self-energy correction [38]. Explicitly

P! (K, w) = QL /G(r,r';w + W YWPR (e, 1 ) e™ dw

T

_ NL 3 (nk|giq(r)|mk + ) (mk + alguq(r')|n'k) (2.62)

4 mqu

< fmk+q 1- fmk+q
W= Epkiq +Wog — 10 W — Epkiq — Woq + 7]’

where the off-diagonal electron-phonon self-energy is given by 222,;k(w) = (nk|XP(r, v'; w)|n'k).
A similar expression can be derived from Rayleigh-Schrédinger perturbation theory [40].

2.13 Excitons and the Bethe-Salpeter Equation
Approach

Up to this point, we have concerned ourselves primarily with electrons, phonons and their
coupling. However the majority of the work in this thesis centers on excitons [2], correlated
electron-hole pairs, and their interaction with phonons. In this section, we introduce the
computational framework used to compute exciton eigenenergies and eigenstates. In the
next section we discuss the exciton-phonon matrix element.

In much the same way that we defined a Dyson equation for the single-particle Green’s
function, we can construct a Dyson-Like equation for the two-particle correlation function,
L(1,2;1'2") [41} 54], explicitly

L(12;1'2) = Lo(12;1'2') + / d(3456) Lo(14; 1'3) K (35; 46) L(62; 52'), (2.63)



CHAPTER 2. ELECTRONIC STRUCTURE METHODS 18

where Lg(12;1'2") = G(12')G(21") and K (35;46) is the electron-hole kernel related to the
underlying electronic self-energy, ., through the following functional derivative

9%(3,4)

0G(6,5) (2.64)

K (35;46) = —i6(3,4)5(5,6)v.(3,6) +
= K*(35;46) + KP(35;46).

The first term in Eq. [2.64, which we label K*(35;46), has the form of a two particle exchange
interaction. Specializing to the case of ¥ = YW, the functional derivative appearing in
Eq. takes the form

SNV (34)
dG(56)
the so-called screened direct interaction. It is possible to cast Eq. as a eigenvalue equa-
tion in a basis of free electron-hole product states [10, |12], (r.r),|cvkQ) = Yarq(re) i (rs),
where 1, (r) are defined in Eq. 2.11] Here ¢ and v label conduction and valence bands,

respectively, while r, and r;, denote the electron and hole position, respectively. In this basis
the BSE takes the from

(ECk+Q - Eﬂk)AcSv(li + Z <Cvk|Keh|clvlk,Q> Agv’k’Q = QS<Q)A§)?<’ (266)

cv'k

KP(35;46) = = i8(3,6)5(4,5)W (3+,4), (2.65)

where S and Q label the principle quantum number and center-of-mass momentum of the
exciton, respectively. The eigenenergy associated with state (SQ) is 25(Q) while the exciton
state projected onto the electron-hole basis is given by (cvkQ|SQ) = Afv%. Finally, Euiq
and E,x are the GIW eigenenergies for states ¥atq(re) and ¢,k (ry), respectively. In writing
down [2.66] we have made the Tamm-Dancoff approximation which amounts only retaining
electron-hole coupling terms in expanding K°".

A further approximation, which we will often make, is to replace the dynamically screened
Coulomb interaction, W (w), with its static counterpart. This approximation is justified in
the limit where the plasmon energy is much larger than the exciton binding energy [12].

With these approximations, the exchange and direct kernel can be written as

(ckQ| KX |cvK'Q) = My (k,Q, G)u.(Q + G) M, (k,Q, G) (2.67)
G
(kQ|KP|vKQ) = =Y M (k+ Q,q, G)Wee (@) Mo (k,q, G), (2.68)
GG’

where q = k — k' and M,»(k, Q, G) = (nk + Q|e" Q@+ T|n’k) [55].
Finally, with the exciton expansion coefficients, A in hand, we can write a real-space
representation of the exciton state as

Usq(retn) = Y AZtvacq(re) i (rs). (2.69)
cvk

cvk?
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2.14 The Exciton-Phonon Matrix Element

We define the exciton-phonon matrix element as

o 1 éllc/a(q> iq-(re+rp) BSE
gS’SV(Q> q) - \/m %; \/m <SQ + q|e akoz,qfl |SQ> . (270)

The definition is analogous to Eq. [2.31], except here, the sandwiching states are excitonic
wavefunctions instead of single-particle Bloch eigenstates and the derivative is with respect to
the BSE Hamilton instead of the KS potential. Physically Gs/5,(Q, q) encodes the probability
amplitude for an exciton in state (SQ) to scatter off a phonon with crystal momentum q
and branch index v and into state (SQ + q). Eq. can be rewritten in the quasiparticle
basis as

Gy5(Qua) = Y AT T goa (k+ Q@) AS3 — > AT g, (k) AS3, - (271)

c’cvk cvv’'k

To build intuition for this matrix element and how it differs from the usual electron-phonon
matrix element, we specialize to the single-band limit with electron-phonon matrix element
given by a simple Frohlich model, gg/ b= C;/ h /q, and take the exciton expansion coefficients
to be of the 1s hydrogen orbital form appropriate in the Mott-Wannier model of an exciton.
With these simplifications, we arrive at a form first introduced by Toyozawa [24]

cr 1 ct 1

9= g [+ (pearg/2? ¢ [1+ (prapa/2)?

(2.72)

where pe/n = me/m/(me + my) and ap denotes the exciton radius. From Eq. we see
that the exciton-phonon vertex has an electron and hole channel, each screened by a form
factor 1/[1 4 (pe/napq/2)?]. As a result of this form factor, the exciton-phonon vertex falls
off rapidly for agq > 1 or equivalently ag > \. Physically phonons with wavelengths much
shorter than the exciton radius, cannot efficiently couple to the exciton. In this way Eq.
highlights the close connection between the exciton radius and exciton-phonon coupling
strength. From this simple analysis, it might seem that the exction phonon vertex should
always couple less strongly than the underlying electron- or hole-phonon vertex. This is
in fact an artifact of only considering intraband transitions. In Chap. 4, we will see that
the exciton-phonon coupling can be quite large when interband transitions constructively
interfere. Finally we note that when the the coupling and effective masses for the electron
and hole channel are the same, i.e. p. = p, and CI" = CF', G vanishes. This dramatic
example of polaron interference will be discussed in Chap. 5.
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Chapter 3

Maximally-Localized Wannier
Functions for
Excitons

3.1 Introduction

Since their introduction 25 years ago |56/, maximally-localized Wannier functions (MLWFs)
have had a transformative impact on our ability to compute and understand one-electron
observables using density functional theory (DFT). Today MLWFSs, serve as a compact basis
for linear scaling algorithms [57], allow for the computation of Berry phase (geometric)
quantities [58-60] (e.g. polarization in electronic structure theory [61]), and find application
in efficient and accurate interpolation of linear response quantities (e.g. electron-phonon
matrix element) |16, 62, [63], and more [20]

In the MLWF scheme, one-electron cell-periodic Bloch states are related to localized Wan-
nier functions through a unitary transformation which simultaneously preserves the canonical
commutation relations while also localizing the sum of the spreads of the electronic states
to the greatest extent possible [20, 56, |64]. Up to this point, the MLWF procedure has
exclusively been applied in the context of single-particle electronic excitations and their per-
turbations [65]. Yet, the framework is of quite general nature and in principle can be applied
to any lattice periodic function. One such excitation of broad theoretical and technological
interest is the exciton, a two particle bound electron-hole state, and the extension of the
MLWFEF scheme to excitons is the focus of this work.

Excitons are bound electron-hole pairs which often dominate the low-energy optical re-
sponse of semiconducting and insulating materials. Understanding these composite particles
plays an increasingly important role in the design and development of next-generation of
optoelectronic devices, especially those based on complex materials with strong light-matter
interactions (e.g. low-dimensional-, organic-, and perovskite- based materials). Over the
past two decades, ab initio many-body perturbation theory within the GW approximation
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and Bethe-Salpeter equation (BSE) approach [11 12, |22} 43| 54], where G is the one-electron
Green’s Function and W the screened Coulomb interaction, has rapidly emerged as a powerful
and robust method for computing excitonic properties over a wide range of increasingly com-
plex materials including low-dimensional transition metal dichalcogenides [66], lead-halide
perovskites [67-69], and organic crystals [70-73], in all cases yielding results in excellent
agreement with experiment. Given the technological relevance and increasing maturity of
computational capabilities [13], revisiting the MLWF scheme in the context of excitons is
quite timely.

In solid-state systems with translational symmetry, the exciton wavefunction can be
written in Bloch periodic form with respect to the average electron-hole coordinate. A
canonical example is the phenomenological Mott-Wannier model [4, [5] of a weakly bound
exciton, described by a hydrogen-like wavefunction with the form

\I/ném,Q(R> I') = eiQ.RFném(r)a (31)

where R and r denote the average and relative coordinate of the electron-hole pair, respec-
tively, while F,4,(r) is a hydrogenic-like eigenfunction with quantum numbers ném. Notably,
while the wavefunction is localized in the relative coordinate, it is periodic in the average
coordinate R, a general feature true of all descriptions of an exciton in a perfect lattice, i.e.
the Frenkel [6] and charge-transfer excitons are also cell periodic in R.

In this work, we show how the MLWF scheme can be leveraged to construct a repre-
sentation of exciton states which is maximally localized in the average electron-hole coordi-
nate. These maximally-localized exciton Wannier functions (MLXWFs) will allow for post-
processing of exciton related properties in analogy to the electronic case, for instance, the
ab initio construction of exciton tight-binding models, the efficient interpolation of eigenen-
ergies [55, 74] and exciton-phonon matrix elements 19, [24, [75] throughout the Brillouin
zone, the computation of Berry-curvature related properties at the excitonic level [76-79],
and more. Our framework also helps to unify the phenomenological Mott-Wannier [4} 5] and
Frenkel [6] pictures of an exciton and expresses the splitting of the transverse and longitudinal
exciton branches of the exciton band structure [80, [81] in terms of long-range dipole-dipole
interactions between localized exciton Wannier orbitals.

The reminder of this chapter is organized as follows. In Sec. we introduce exciton
Wannier functions. In Sec. we review the MLWEF framework and adapt this formalism
for handling the excitonic case. In Sec. [3.4, we summarize our GW-BSE approach and the
computational details of our calculation. In Sec. we apply our framework to LiF, visual-
izing the exciton Wannier functions in real-space and detailing convergence of the Wannier
spreads. In Sec. we discuss analytical properties of the exciton Wannier functions and
their matrix elements. In this section we also discuss the connection between long-range
dipole-dipole interactions in the Wannier basis and non-analyticity of the exciton eigenval-
ues near Q = 0. In Sec. demonstrate how the Wannier-Fourier interpolation can be used
to interpolate exciton eigenvalues through the Brillouin zone. In Sec. [3.8] we discuss the
similarities between the exciton Wannier functions and Frenkel’s description of an exciton.
We close, in Sec. [3.9] with a summary of our work and potential future directions.
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3.2 Exciton Wannier Function

An exciton is a composite particle consisting of a bound electron-hole pair. The position
of the electron, r., and hole, r,, are correlated and encoded in the exciton wavefunction,
Usq(re,1s), where S and Q denote the exciton’s principle quantum number and crystal mo-
mentum respectively. Physically, Ugq(r.,rs) is the probability amplitude to simultaneously
find an electron and hole at r. and rj, respectively.

An increasingly standard approach for computing exciton states and properties in solids
is the GW-BSE method. In this approach, Ugq(re, 1) is expressed as a coherent sum over
non-interacting electron-hole product states, namely,

\I/SQ (r67 rh) - Z Acsu?cwck-l—Q/Q(re)l/J:ka/Z(rh)7 (32)

cvk

where ¥, (r) = e*Teu,(r.) denotes a single-particle Bloch state with band index n and
crystal momentum k (e.g. computed from Kohn-Sham DFT or another cell-periodic formal-
ism, like Hartree Fock or equation of motion coupled cluster [82]), while Afv?( is the exciton
expansion coefficient with indices ¢ (v) denoting conduction (valence) states, respectively.
The same exciton wavefunction can be written in Bloch periodic form when reexpressed in
the average R = (r. +r;)/2, and relative, r = r, — rj,, coordinates

Usq(R,r) = ¥R Fsq(R, 1), (3.3)

where Fsq(R,r) is cell periodic in R but not in r (note Eq. is a specialized case of this
general form). Importantly, the exciton is localized in the relative coordinate r but periodic
in the average coordinate R. An explicit expression for Fysq is given in Appendix

We can define the exciton Wannier function as

Wer(R,1) =Y e RUgq(R, 1), (3.4)
Q

where R is a lattice vector. As defined above, the exciton Wannier functions span the same
functional space as the original excitonic states and are orthonormal in indices (S, R) so that
(Wsr|Wsm/) = 0ss/0r g~ Further, the exciton Wannier functions are localized in R about

R. This is readily seen in the limit where the cell periodic function is only weakly dependent
on Q so that Fsq(R,r) = Fs(R,r). Then, Weg(R,1) ~ Fs(R,1) ) q '@ R-R) Gince the
only length scales appearing in the sum are the lattice parameters, Wi (R, r) should decay
rapidly in R — R beyond a few unit cells. By contrast, the spread in the relative coordinate,
r, is related to the exciton radius, which, for weakly bound excitons, can be on the order
of many unit cells. Thus the spread in the average coordinate should be smaller than the
spread in the relative coordinate in many cases.



CHAPTER 3. MAXIMALLY-LOCALIZED WANNIER FUNCTIONS FOR
EXCITONS 23

3.3 Maximally Localized Wannier Functions

In the MLWF scheme, extended one-electron Bloch states, ¥ (r.) = (rc|nk), are related
to localized Wannier functions, with principle quantum number m, w,,z(r.) = (r.|/mR),
through a unitary transformation

Z &R (K) i (1), (3.5)

where U,,,,(k) is a unitary matrix which mixes some subset of states, J, at a given k point.
The key idea of Marzari and Vanderbilt [56] is to take advantage of this extra gauge freedom
and choose Uy, (k) to localize the sum of the spread of the Wannier functions to the greatest
possible extent. Here the sum of the spreads, labeled 2, is defined as

QU] =Y _[(mO|rZ|mO) — (mOlr[m0)?, (3.6)

m

where r, is understood as the position operator and the notation, Q[U], indicates that the
spread is a functional of the gauge, U.

Nowadays the minimization procedure is often performed using Wannier90, an open
source, post-processing software for constructing MLWFs, compatible with many DFT codes [83,
84]. Eq. is minimized in reciprocal space and Wannier90 requires two key inputs — the
overlaps of Bloch periodic states at neighboring k-points, M,,,(k,b) = (uux|tmkib), and
a set of initial guesses for the localized Wannier orbitals, h;(r.), projected onto the unper-
turbed Bloch states, A,;(k) = (¢nk|h;). As emphasized by the developers of Wannier90,
these inputs are entirely agnostic to the underlying electronic structure theory calculation (83,
84].

A more subtle point is that MLWF procedure itself is agnostic to the type of quasiparticle
excitation which one wishes to localize so long as the excitation can be written in Bloch
form. Said another way, the procedure can be used to find localized representations of any
lattice periodic excitation. Accordingly, in analogy with Eq. , exciton states Vgq(R,r) =
(Rr|SQ) are also related to localized exciton Wannier functions, Wy,g(R,r) = (Rr|MR),
through a unitary transformation, namely

= ¢ RUsu(Q)¥sa(R.1), (3.7)

where M denotes the principle quantum number of the exciton Wannier function. In further
analogy with the one-electron case, we can leverage the gauge freedom to choose Ups(Q) to
minimize the sum of spread of the exciton Wannier functions defined as

QU] = S_[(MO|R*|M0) — (MO|R|M0)?, (3.8)
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where
(MO|R2| MO) — / Waro(R, 1)|2 R2dPrd®R, (3.9)
xtal
where the subscript “xtal” denotes that the integral is to be performed over all space. As
emphasized previously, the spread here is with respect to the average, not the relative coor-
dinate.

We use the Wannier90 package to minimize Eq.[3.8] In practice this is done by passing
overlap matrices, Mgs/(Q,B) = (Fsq|Fsq+B), and initial projection matrices, Ag;(Q) =
(Vsq|Hy), to Wannier90. Explicit expressions for these overlaps are given in Appendix .
In Tab. we distinguish the notation used for, and draw an analogy between, electron
and exciton Wannier functions.

electron exciton
Bloch orbital Unk(re)  Vsq(R,r)
Wannier coordinate r, R
Conjugate momentum k Q
Conjugate position R R
Wannier orbital wyr(re) Wiym(R,r)
Rotation matrix Upm(k Usm(Q)

Table 3.1: Notation for and analogy between electron and exciton Wannier functions and
related parameters.

3.4 Methods and Computational Details

As previously emphasized the Wannierization procedure is independent of computational
method used to compute excitonic properties. Popular methods include time-dependent
density functional theory [10], equation of motion coupled cluster [82], and the GW plus
Bethe-Salpeter equation (BSE) approach [12] to name a few. Here we adopt the latter
method and summarize the approach below.

The BSE is a Dyson-like equation for the two-particle electron-hole propagator |12} [54,
55]. For computational tractability, the BSE is cast as an eigenvalue equation in a basis of
electron-hole product states (rern|cvkQ) = taciqa(re) ¥y _q o (rs) and reads

(Bacrqrz — Bucqr)Asg + > (ckQIK v’k Q) AZS), = QsqAST, (3.10)

C/
cv'k’!

where E, are GW quasiparticle energies and K®" is the electron-hole interaction kernel.
Upon solving the BSE, one obtains exciton eigenenergies, {2sq, and exciton wavefunctions
in terms of the expansion coefficients, 4%, see Sec. .

cvk?
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When built atop GW, the electron-hole kernel appearing in Eq. is expressed as the
sum of two terms, K°* = KP + 20s K%, where K” and K* denote an attractive screened
direct term and a repulsive bare exchange term, respectively, and dg is 1 for spin-singlet and
0 for spin-triplet excitons. Explicit expressions for K and K* in the electron-hole product
states basis are given in Ref. [55].

As a first application, we apply the above formalism to Wannierize the low-lying excitons
in LiF, a prototypical wide band-gap insulator with weak dielectric screening and corre-
spondingly strong electron-hole interactions. The lowest singlet exciton is strongly bound
with binding energies on the order of 1.5 eV and a Bohr radius on the order of ~ 3.8 A,
about twice the size of the nearest neighbor separation 2.01 A [85]. We note that LiF was
one of the first systems studied within the ab initio GW plus BSE approach [12] while the
closely related compound, LiCl, appeared in the original work on MLWFs [56].

The starting point for all calculations is a ground state density functional theory (DFT)
calculation to obtain Kohn-Sham energies and eigenstates [26, 29]. In this work, we use
Quantum Espresso [86]. We use a planewave basis set, the generalized gradient approxi-
mation of Perdew, Becke, and Ernzerhof (PBE) [87], and norm-conserving pseudopotentials
taken from pseudo-dojo [88] 89]. To converge the ground state density we use an 80 Ry
planewave cutoff and 8 x 8 x 8 k-grid. We then use BerkeleyGW [13] to perform a single-shot
GoWy calculation, computing the static dielectric function within the random phase approx-
imation using a sum-over-bands approach [50 51] in conjunction with a Hybertsen-Louie
generalized plasmon-pole model to capture the frequency dependence [11]. In computing
the susceptibility, xg, we include 90 unoccupied bands and use 10 Ry planewave cutoff. The
same number of unoccupied bands is used to converge the Coulomb-hole contribution to the
self-energy. The k-grid used for our GW-BSE calculation is inherently linked to the Q-grid
used for Wannierization as explained in the following paragraph and generally differs from
the 8 x 8 x 8 grid used at DFT level.

In our BSE calculations of LiF, the electron-hole kernel, K", is expanded in 1 conduction
band and 3 valence bands. Our workflow requires exciton eigenenergies, {2¢q, and eigen-
states, Wgq, on a regular Q-grid. As presently implemented, our formalism requires that
the underlying k-grid on which the BSE is solved be commensurate and twice as dense as
the Q-grid, a point further explained in Appendix [A.1] To give an explicit example Wan-
nierizing the exciton on a 5 x 5 x 5 Q-grid requires solving the BSE at 125 Q-pts with the
electron-hole kernel constructed on a 10 x 10 x 10 k-grid. In this work, no symmetry or
interpolation scheme is used when building the electron-hole kernel.

In Fig. we show the BSE-computed exciton dispersion for the eight lowest energy
spin singlet (left panel) and triplet (right panel) bands. In the triplet case, we find that
the excitons at Q = 0 are three-fold degenerate. These three lowest exciton bands remain
entangled throughout the Brillouin zone and are well separated from higher lying bands.
By contrast, for spin-singlet excitons, the three-fold degeneracy at Q = 0 is lifted by the
exchange interaction, with the longitudinal branch higher in energy than the corresponding
transverse branches [90]. The three lowest singlet bands are not entirely isolated from higher
lying singlet states, however the disentanglement is fairly minimal occurring only near the
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L points at the BZ edge.

Based on the exciton dispersion, we restrict our analysis to the subspace which contains
the lowest three exciton bands. To initialize the Wannierization procedure, we use a product
of hydrogen, 1s-like orbitals — explicitly H;(R,r) = 115(R; a)5(r; 2a), where a denotes the
lattice constant and 11, (r; a) = e~"/%/v/ma3. These trial orbitals are centered at the position
of the fluoride atom. In this separable form, the projection matrix, Agj = (Vsql|H,), is
more easily computed. We provide a detailed expression for this overlap in Appendix [A.1]

3.5 Results

Q—grid Q Q[ QOD QD WF spread

Singlets

3x3Ix3 4755 4.718 0.037 0.0 1.594*

4x4x4 5716 5.673 0.042 0.0 1.905

5XbHxH 6.258 6.218 0.040 0.0 2.086
Triplets

3x3x3 3.882 3.866 0.017 0.0 1.294

4x4x4 4332 4320 0.012 0.0 1.444

5xbxdH 4591 4581 0.011 0.0 1.531

Table 3.2: Minimized spread €2 for the triplet excitons in LiF and its decomposition into
invariant, €27, diagonal, 2p, and off-diagonal Qpop parts. The spread of the individual
Wannier functions are reported in the final column. All values are reported in A2,

In Tab. we report on the convergence of the Wannierization procedure with increasing
Q-grid, decomposing the total spread, €2, into its invariant, €27, off-diagonal, Qpp, and
diagonal, (2p, contributions. As discussed previously, the underlying k-grid is chosen twice
as dense as the Q-grid. Despite this additional variability, we still observe clear convergence
trends. The convergence of the total spread, €2, is relatively slow, stemming primarily from
the gauge invariant part of the spread, {27, which is fixed after the disentanglement procedure
is complete. By contrast the gauge dependent part of the spread, Q2p + Qop, the part
which is actually minimized during the Wannierization procedure, converges rapidly with
increasing Q-grid, changing by less than 0.002 A2 between the final two steps. This behavior
is analogous, and the level of convergence in €2 similar, to what was reported at one-electron
level by Marzari and Vanderbilt [56] in simple semiconducting systems.

In Fig. 3.1} we visualize the exciton Wannier orbitals, plotting Wyo(R,r = 0) vs. R.
Here, Wy is the probability amplitude for finding the average electron-hole position at R
given the relative electron-hole coordinate is 0, that is for r. = r,. We observe that the
exciton Wannier function is well localized in R about the origin as expected. In analogy to
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Figure 3.1: Triplet exciton Wannier function for LiF, plotted as a function of the average
coordinate R with the relative coordinate r = 0 — i.e. Wip(R,0) vs. R. Green and
grey spheres denote Li and F atoms respectively. The Wannier function is entirely real so
that yellow and blue lobes denote regions of positive and negative probability amplitude
respectively.

the one-electron case, our numerical results indicate that the Wannierized excitons can be
made entirely real through multiplication by a complex phase. Here we find ImW/ReW =
0.001. Further, we see the Wannier function transforms as an odd function under inversion
symmetry and has a non zero dipole moment. This dipole moment gives rise to long-range
dipole-dipole interactions between Wannier excitons (see Eq. below) and drives the
splitting of the longitudinal and transverse exciton branches to be discussed in Sec. [3.6.3

3.6 Analytic Properties of the Exciton Wannier
Functions and their Matrix Elements

3.6.1 Exponential localization of the exciton Wannier functions

An important analytic property of one-electron Wannier functions is their exponential lo-
calization in r.. In this section, we speculate on the existence of exponentially localized
MLXWFs. We begin by reviewing the conditions for localization in the one-electron case
and then comment on the possible extension to MLXWFs.
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Early work on the subject, at the one-electron level, connected the exponential localiza-
tion of one-electron Wannier functions to the analyticity of the Bloch periodic state, u,x(r),
in k-space, throughout the Brillouin zone [91} 92]. Generally, for a composite set of entan-
gled bands, u,k(r) will not be analytic. However, in many cases, it is possible to rotate into
a basis of quasi-Bloch states, defined as v,k = Y, Upn(k)unk, such that v,y is analytic in
k. From simple Fourier analysis it is guaranteed that the Fourier transform of an analytic
set of functions, in this case v,k(r), will be exponential localized in r [92]. Recently, Panati
et al. [93] proved that for one-electron Hamiltonians, H(k) = e~ T He®™ which are both
analytic in k and time-reversal symmetric, an analytic set of quasi-Bloch functions exist in
2 and 3 dimensions if, and only if, all Chern numbers of the system are zero. With these
ingredients Brouder et al. [94] demonstrated that for real, square-integrable, one-electron
potential, V' (r), it is possible to construct exponentially localized Wannier functions. They
further demonstrated that the MLWFs procedure represents a unique path to the construc-
tion of these Wannier functions and when constructed in this way, the Wannier functions
are real up to a global phase.

To adapt the above arguments to the exciton Wannier function case, we consider the BSE
Hamiltonian, HP%E(Q) = e QR BSECIQR  For spin triplet excitons, we expect HESE(Q)
to be analytic in Q, so that arguments above can be directly adapted to prove the exponen-
tial localization of triplet exciton Wannier functions, provided the system is time-reversal
symmetric. By contrast, the spin-singlet Hamiltonian, has a well known non-analyticity
stemming from the Q — 0 limit of the exchange term (see Sec. [3.6.3). This intrinsic non-
analyticity violates one of the original assumptions of Prinati’s work and the relation between
the Chern numbers and analyticity of the quasi-Bloch states should be carefully revisited
in this context before definitive statements about the analyticity of the Bloch states can be
made.

A generalization of Panati’s [93] work for spin-singlet exciton Wannier functions is beyond
the scope of this work. However, even if this intrinsic non-analyticity turns out to prevent the
exponential localization of the singlet MLXWF, it will not be detrimental to the approach
here. For one, a term which contains the non-analytic contribution to the Hamiltonian can,
in principle, always be isolated and subtracted to arrive at a sufficiently smooth HESE(Q)
allowing for the exponential localization of MLXWFs. The non-analytic contribution can
then be added back in post-processing. Finally, we note that in some systems, these questions
are largely bypassed. For instance, in Sec. we show that there is no non-analyticity
associated high symmetry cubic systems including LiF studied here.

3.6.2 Decay of Matrix Elements in the Wannier Basis

Rapid decay of matrix elements of a general operator, O, in the Wannier basis, | (MO0|O|NR) |,
with increasing separation between Wannier orbitals, R = |R/|, hinges both on the exponen-
tial localization of the MLXWFs, discussed in Sec. [3.6.1], and the locality of the operator
O. In this section, we analyze the decay properties of the the screened direct, KP, and
bare exchange, K%, operators in the MLXWF basis. The decay properties of these matrix
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elements have immediate consequences for the Wannier-Fourier interpolation of spin- singlet
and triplet exciton dispersions as discussed in the subsequent section.
In the Wannier basis, the direct term takes the following form

4mre?

‘/xtal xtal

_ 1
(MO|KP|NR) = Wio(R,r)e (R, r);WNR(R, r)d*Rd’r, (3.11)

where e!(R, 1) is the static inverse dielectric function, expressed in the average, R, and
relative, r, coordinates. Assuming Wyo(R,r) and Wyg (R, r) are exponentially localized in
R, about 0 and R respectively, it follows that | (MO|KP|NR) | also decays exponentially
with increasing R. This is especially obvious when local field effects are negligible and e~!
depends only on r. Then the the decay of the matrix element is proportional to the overlap
of the two MLXWFs centered at 0 and R. However, even when local field effects are strong,
the functional dependence of the integrand on R still implies exponential decay in R.
By contrast the exchange term takes the following form

4re? N 1
WMO (R7 0)

MO|KX|NR) = -
WO =00 S R-F|

Wyr(R/,0)d*R4°R/. (3.12)

In this case, the Coulomb interaction acts to couple exciton Wannier orbitals at differ-
ent sites and | (MO|KX|NR) | decays slowly. We can extract the analytic dependence of
| (MO|KX|NR) | on R in the large R limit via a multipole expansion in the Coulomb in-
teraction. This expansion is justified in the limit where R is much larger than the spatial
extent of the MLXWF's in the R coordinate. Retaining only the lowest order dipole-dipole
term, we arrive at

(MO|K PP|NR) = (3.13)

dme? (P Py o (d-piy)(d-py)
V;tal d3 d5 ’
where d denotes the distance between Wannier centers, d = R + 7); — v and pj; denotes
the dipole moment associated with the exciton Wannier function M, namely,

Pv = RWy0(R,0)d°R. (3.14)

xtal

From this analysis it is clear that when the exciton Wannier dipole moment is non-vanishing,

| (MO|KX|NR) | should decay as 1/|R|*. From Fig.[3.1] we clearly observe that the MLXWFs

dipole moment is non-zero for LiF.

In Fig.[3.2 we plot the magnitude of the BSE Hamiltonian in the Wannier basis, | (M 0| HPSE|NR) |,

as a function of R in a manner similar to what is done in Ref. [62] for HP¥T. As expected, we

observe that the triplet matrix elements decay exponentially in R while the singlet matrix
elements appear to decay more slowly, though it is difficult to extract the exact functional
dependence without going to larger R. Unfortunately going to larger R requires denser
Q-grids and is prohibitively expensive.
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Figure 3.2: Spatial decay of the singlet and triplet BSE Hamiltonian in the Wannier represen-
tation (MO|HBE|NR) as a function of R for LiF. The data points correspond to the largest
value of the matrix element at a give R — i.e. ||H(R)|| = maxyn rj=r | (MO|HBE|NR) |.

3.6.3 On the Relation Between the Dipole-Dipole Interactions
and Non-analyticity

It is well known that long range dipole-dipole interactions, discussed in the previous sub-
section, give rise to the non-analyticity and ultimately the splitting of the longitudinal and
transverse branches (LT-splitting) of the exciton bandstructure at Q = 0 [80, 81]. To see
how this comes about in our present formalism, we rotate Eq. into the exciton basis to
obtain

2
Y VL@ Uns (@)
MN

xta

(SQIKPPI5'Q) =

(3.15)

[pa - (Q+ G)llpy - (Q+ G)] 4Qia)(ryma)
> Q+ap - |

where G denotes a reciprocal lattice vector. Taking the Q — 0 limit of the above expression

we arrive at )
_ 47¢® (Q-py)(Q - ps)
thal Q2 7

where we have used ps = ) ,,; Uns(0)pam. As a direct result of dipole-dipole interactions,
exciton eigenvalues can exhibit rapid angular variation about the origin Q = 0 and may
appear discontinuous when plotted along certain directions in reciprocal space. This non-
analyticity is known [2, 54, 80, |81] and was recently revisited in the context of first principles

BSE [55], [74] where the diagonal part of Eq. was derived by directly taking the Q — 0

(SQIEM5'Q) (3.16)



CHAPTER 3. MAXIMALLY-LOCALIZED WANNIER FUNCTIONS FOR
EXCITONS 31

limit of (SQ|K*|SQ). Our present derivation highlights that this non-analytic behavior can
be recast as stemming entirely from dipole-dipole interactions between MLXWF's, provid-
ing an alternative to associating it with dipole moments of product states of electron-hole
Wannier functions as demonstrated in Ref. [54] (and the discussion around Eq. 11.20).

In LiF, the non-analytic contribution is independent of Q. To see this, denote the longitu-
dinal and transverse excitons by |Sp) and | Sr) respectively. We then find (S, Q|K N[S.Q) =
Apr where Arr = 4me?|ps|?/V wa while (S QK N4[SrQ) = (SrQ|K N4|SrQ) = 0. The
analysis implies that the longitudinal exciton eigenergies should, be rigidly shifted relative
to the two transverse branches. Indeed this behavior is corroborated by our BSE calculation
(see Fig. . Importantly, our analysis and numerical results demonstrate that Q2sq, and
more generally HB5E(Q), remain analytic as Q — 0, a feature not shared in lower symmetry
systems where the non-analyticity is expected and will manifest as kinks or discontinuities
in the exciton dispersion [74]. In LiF, this simple behavior stems from the underlying cubic
symmetry [90].

3.7 Wannier-Fourier Interpolation

At the one-electron level, a major benefit of working in the Wannier basis is that matrix
elements of the form | (m0|O|nR) | decay rapidly with increasing R. In turn, this allows
for efficient Wannier-Fourier interpolation [62]. For instance taking O to be the one-particle
DFT Hamiltonian, H P¥", an efficient scheme for interpolating DFT eigenvalues involves first
Fourier transforming (mO|H P¥T|nR) to an arbitrary k-point to obtain HP¥T(k) and sub-
sequently diagonalizing this matrix to arrive at DF'T eigenvalues, €,, and Wannier rotation
matricies, U, (k). The success of this method depends critically on the spatial localization
of | (mO|HP*T|nR) |.

To interpolate exciton eigenenergies, Qsq, in the same manner, | (MO|HB5E|NR) | must
decay rapidly with increasing R. In Sec. [3.6.2, we found that while | (MO|KP|NR) | decays
exponentially in R, (MO|K*|NR) decays slowly in the same variable, namely as 1/|R|>.
Further, in Sec. [3.6.3], we showed that the exchange term can give rise to non-analyticities in
the exciton dispersion. As a direct consequence, we expect the Wannier-Fourier interpolation
scheme to work well for spin-triplet excitons but to require further modifications for the spin-
singlet case.

If Fig. we show the results of our Wannier-Fourier interpolated exciton dispersion for
LiF. In blue, we plot the singlet and triplet exciton dispersion obtained through explicitly
diagonalizing the BSE Hamiltonian at 72 Q-points along a high symmetry path. In red we
overlay our Wannier-Fourier interpolated exciton dispersion, starting from a 4 x 4 x 4 coarse
Q-grid. We find that applying the usual Wannier-Fourier interpolation scheme without
modification gives excellent agreement for the spin-triplet exciton dispersion.

By contrast, for the spin-singlet exciton we see a large discrepancy between the Wannier-
Fourier and BSE result at the origin. This discrepancy stems from the long-range dipole-
dipole contribution to the spin-singlet kernel, see [3.13] One strategy to correct for this is to
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first subtract the real space, dipole-dipole contribution (see Eq. from (MO|HBE|NR),
Wannier-Fourier interpolate the remaining short-range part of the BSE Hamiltonian, and
finally add the dipole-dipole contribution back on the interpolated grid in reciprocal space
(see Eq. . A similar strategy is used to interpolate phonon frequencies in polar mate-
rials . Here however the procedure is complicated by the fact that the dipoles, py, are
not known a proiri. Further the dipole-diople interaction (MO|KPP|NR) tends to couple
the lowest three exciton states with states outside the Wannierization window. This further
complicates the proceedure and suggests that a set of 3 effective py should be used however
the procedure for calculating these dipole moments is far from clear. The implementation of
such a procedure will be left to future work.

Singlet 12 ] Triplet
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Figure 3.3: Singlet (left panel) and triplet (right panel) exciton dispersion. The solid blue
curve is the result of our explicit BSE calculation while the dotted red curve is obtained
through Wannier-Fourier interpolation. We have indicated the splitting of the longitudinal
and transverse bands in the singlet dispersion.

3.8 On the Relation Between the Exciton Wannier
Function and the Frenkel Exciton

An attractive feature of one-electron Wannier functions is their relation to linear combina-
tions of atomic orbitals used in the construction of tight binding models. The relation often
allows the practitioner to build chemical intuition especially in the context of understanding
the role of chemical bonds in solid state systems.
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In this section we show there is an analogous relation between the exciton Wannier
functions and linear combinations of singly-excited molecular orbitals used as a basis in
Frenkel’s description [6] of the exciton. We begin by first reviewing the connection between
one-electron Wannier functions and linear combinations of atomic orbitals and subsequently
provide an analogous discussion for exciton Wanner functions.

Recall that in the tight-binding approximation, the one-electron Bloch state can be ex-
pressed as a sum over linear combinations of atomic-centered orbitals, namely

Yie(r) = Y € Repnm(r — R), (3.17)
mR
where ¢,,,(r — R) denotes an atomic-centered orbital with principle quantum number m and
the coefficients ¢,,, are the expansion coefficients. (For simplicity we assume a Bravais lattice
with only one site per cell.)
Meanwhile, the one-electron Wannier functions, w,g(r), by definition, are related to
Bloch states through

V() = D e* R g (1), (3.18)

R

where, for simplicity and to avoid proliferation of indices, we have omitted the Wannier
rotation matrices. It should be noted that by definition, w,g(r) are chosen so as to reproduce
the true Bloch state, that is they are rigorously Fourier expansion coefficients. This should be
distinguished from the Eq. [3.17] where ¢,,,, are determined through solving the Schrodinger
equation and generally give only an approximate representation of the Bloch state as a
result of the finite atomic-centered basis set. Nevertheless, the functional form of these two
representations suggests the Wannier orbitals can be interpreted as a minimal tight-binding
basis and in some cases may shed light on convalency, ionicity, and hybridization of chemical
bonds as discussed in Ref. [20].

Frenkel’s description of an exciton is analogous to the tight-binding representation at one-
electron level. When the exciton radius is small so that the electron and hole reside mostly
on a single molecule (or atom or site depending on the system) it is convenient to expand
the exciton wavefunction as a sum over singly-excited site-centered orbitals, explicitly

Usq(re,rp) = Z eiQ'RC'SCUXC(r6 —R)x:(r, — R) (3.19)
RC'U

where y,(r) denotes a molecular orbital with principle quantum number n so that y.(r. —
R)x*(r,—R) denotes a singly-excited molecular orbital centered at R, where one electron has
been removed from orbital v and promoted to orbital c. Analogous to the tight-binding case,
Eq. is only an approximate representation of the excitonic state, with the expansion
coefficient chosen to diagonalize the BSE in this restricted basis.

It is interesting to compare Eq. to the exciton expanded in terms of the exciton
Wannier functions. Inverting Eq. and reexpressing the wavefunction in electron and hole
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coordinates we find,
Voq(re,rh) = > ¥ Wg(re, ). (3:20)
R
Comparing Eq. with Eq. [3.19] we immediately see the relation between exciton Wannier
functions and Frenkel like excitons. Our analysis suggests that the exciton Wannier functions
can be used to build chemical intuition especially in the Frenkel limit.

3.9 Conclusion and Outlook

In this work we have outlined a procedure for constructing maximally localized exciton Wan-
nier functions. Our analysis helps to connect the classic Mott-Wannier and Frenkel pictures
of excitons in a first principle context further bridging the gap between condensed matter and
quantum chemistry methods for computing neutral excitations. We have benchechmarked
our work on LiF, demonstrating the exciton Wannier-orbitals converge smoothly with Q-
grid and can be used for post-processing applications, like Wannier-Fourier interpolation of
the exciton dispersion. We expect this work will serve as a staring point for many other
post-processing applications, for instance calculations related to the Berry curvature of the
exciton bands. Finally, we note that in this work, we have generalized the 1-particle Wan-
nierization procedure to handle a specific 2-particle excitation (the exciton). In theory this
procedure may readily be adapted to handle other 2-particle excitations, for example the
bipolaron, as well as excitations involving more than two particles, for instance, trions and
bi-excitons.
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Chapter 4

A Unified Ab-initio Framework for
Phonon-Based Exciton Transport in
Solids: The Case of Acene Crystals

4.1 Introduction

Exciton diffusion is of critical importance in next-generation organic photovoltaic and light-
emitting diode devices, where strongly bound photo-excited excitons must first migrate to an
interface before charge separation or recombination can occur [96]. Despite its importance,
there are few fully ab initio treatments of exciton transport and no framework capable of
handling different limits at the same level of theory e.g. diffusion vs. hopping. A major
challenge is that the two standard limits of exciton diffusion — wave or band-like propagation
vs. hopping [97) 98] — are not always tractable on the same footing or level of theory.

This challenge is particularly relevant to organic semiconductors, a promising class of
materials for optoelectronic applications with strong electron-hole and electron-phonon in-
teractions. In these systems, long-range van der Waals interactions promote crystallization
with intermolecular separations typically on the order of ~5A— a length scale which favors
relatively localized excitons. At the same time, because these organic materials are composed
of light elements, the excitons couple strongly to lattice vibrations. Both these features tend
to promote exciton self-trapping and exciton-polaron formation. Band-like exciton diffusion
may be inappropriate, with hopping theories emerging as a better description of exciton
migration. At the same time, the breakdown may not be so severe as to completely inval-
idate the band-like theories, and studying exciton transport from both perspectives would
be enlightening.

The interplay between band and hopping-like transport regimes has a long and established
history. It was originally investigated by Holstein [99] in the one-dimensional molecular
crystal limit with Lang and Firsov later reformulating the approach in terms of the modern
language of canonical transformations [21]. Around the same time, Toyozawa reexpressed
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Bardeen’s original Hamiltonian [100] — which described a single electron coupled linearly to a
bath of harmonic phonons — in the excitonic basis, demonstrating that the effective exciton-
phonon vertex can be expressed as a contraction of the electron (hole)-phonon vertices and
exciton expansion coefficients [24]. Working with the single-band Hamiltonian of Toyozawa
and leveraging the canonical transform of Lang and Firsov, Silbey and Munn later conducted
an extensive analysis of phonon-based exciton diffusion arguing that charge and exciton
transport always has some coherent band-like and incoherent hopping-like component |101].
Later, Silbey and Munn generalized their method to include nonlocal, also known as off
diagonal, or Peierls, coupling [102]. More recently it has been argued that dynamics disorder,
stemming from the aforementioned nonlocal coupling, may be particularly important in
molecular crystals and gives rise to a regime where charge transport is mediated through
transient localization [103]. A comprehensive discussion of the different regimes of charge
and exciton transport can be found in Ref. [104].

While extensive prior work at the model Hamiltonian level undoubtedly lays a strong
theoretical foundation for studying exciton transport, the problem of how best to construct
and parameterize non-empirical Hamiltonians which describe the coupled exciton-phonon
system remains an open question. This question is particularly pressing in organic crystals
where ab initio calculations have established that lattice vibrations are complex in nature
[105] coupling through different mechanisms to electronic degrees of freedom and for which
exciton properties can be tuned depending on monomer, packing, and functionalization [73].

The majority of first-principles studies of exciton transport in organic materials have
focused on a single aspect or regime of transport. For instance, in the strong lattice coupling
regime, Marcus theory [106-108| or small-polaron theory [109] is often used. To the best of
our knowledge, a thorough ab initio investigation of band-like exciton transport in organic
crystals has yet to be performed. However there exist studies of charge transport in organic
crystals using the Boltzmann equation, within the relaxation time approximation [110),
111] and in this work we will show how this approach can be trivially extended to neutral
excitations. These works, which rely on perturbation theory in one of two limits, provide
excellent insight into the microscopic nature of diffusion in their respective regimes but
alone tell only part of the story and are often hard to compare given the different underlying
computational frameworks.

To investigate the role of dynamic disorder, simplified Su-Schrieffer-Heeger-like Hamil-
tonians [112] have been parameterized from ab initio and real-time propagation performed
using Ehrenfest [113] and QM/MM [114] procedures. By mapping to simplified models,
these works broaden our understanding but at the expense of coarse graining many im-
portant microscopic details so that some predictive power is lost. At the other end of the
spectrum, multi-scale studies of exciton diffusion combining non-adiabatic molecular dy-
namics, time-dependent density functional theory, and Monte-Carlo simulation [115, [116]
provide an entirely non-empirical, although approximate, description of exciton diffusion;
however, the fundamental mechanisms at play may be obscured by the complexity of such
approaches.

The purpose of this work is to construct a unified starting point for studying exciton
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transport which both incorporates all microscopic parameters at the ab initio level while
simultaneously remaining flexible enough to study exciton transport in the various regimes
discussed above. Our reciprocal space-based, Green’s function approach marries state-of-
the-art density functional perturbation theory for describing phonon related quantities with
the ab-initio GW plus Bethe-Salpeter equation approach for capturing excitonic properties.
The consistent construction of such a starting point is complicated by the very different
nature of the neutral excitation in the extreme band-like and hopping limits. A central
feature of this work is the non-trivial extension of the Lang-Firsov polaron transformation
to the multi-band case allowing us to pass freely between the extended Bloch exciton and
localized exciton-polaron description of neutral excitations. Our generalized Lang-Firsov
transformation introduces some gauge freedom and in general there are an infinity of ways
to pass between the two descriptions. Here, we fix this gauge freedom using the recently
developed maximally localized exciton Wannier functions discussed in the previous chapter.
We use this framework to study the exciton diffusion of low-energy triplets in crystalline
acenes, focusing on extreme band-like and hopping limits for now, reserving the careful
study of nonlocal coupling for future works.

4.2 The Coupled Exciton-Phonon Hamiltonian

In this work, we consider a Hamiltonian which describes excitons coupled linearly to a bath
of harmonic phonons with the following Hamiltonian

H=>> Qsqchqesq + > wablybar + > Grsu(Q, a)chqiqcsa(b g + bav). (4.1)
SQ qv SS'Qqr

where CLQ (csq) and b}, (bg,) are exciton creation (annihilation) and phonon creation (an-
nihilation) operators, respectively. The first term describes the free propagation of a Bloch-
type exciton with dispersion, (2sq, where S and Q denote the principle quantum number
and center-of-mass momentum of the exciton respectively while the second term describes
a bath of harmonic phonons with dispersion wg,, where v and q denote the phonon branch
index and crystal momentum respectively. Finally Gs/5,(Q, q) is the exciton-phonon vertex
which encodes the probability amplitude for a phonon in state qv to scatter an exciton from
state SQ to S'Q + q described in Chap. 2.

4.3 Exciton Diffusion in the Band-like Regime

If the third term appearing in Eq. is small, it may be treated perturbatively. In this
limit, the exciton can be viewed as propagating freely and is only occasionally scattered by
a phonon. This is the so called band-like regime, and, after thermal equilibrium has been
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reached, the diffusion coefficient is given by

arn 1
Do = Ng ZPSQ(VSQ)a(VSQ),BTSQ, (4.2)
5Q

where pgq is the normalized probability to find an exciton in state (SQ) at thermal equi-
librium, (vsqQ)a = VQaflsq is the exciton band velocity in the a-direction, and 7gq is the
state-dependent relaxation time, i.e., the average time between phonon scattering events.
From Fermi’s Golden rule

1 2r 1 , 11
— = 5(Q, J+ =t = )6(Qsq — Qo ),
TSQ FL Nq Sgi’gss (Q q)‘ X <nq + 2 2) ( SQ SQ+q:FWQ> (43)

where ng, is the Bose-Einstein occupation factor for phonons and the sum over £ denotes
summing over both the phonon emission and absorption channels.

In the opposite limit, i.e. when the exciton-phonon coupling is large, it is no longer
appropriate to treat the third term in Eq. as a small perturbation. In this limit, the
Hamiltonian in Eq. may not be an ideal starting point for studying exciton diffusion; it
is more appropriate to transform to a localized description of the exciton as detailed in the
next section.

4.4 The Exciton-Phonon Hamiltonian in the
MLXWEF Basis

In the limit where the coupling to the lattice is very large, it may be energetically more
favorable for the exciton to be localized and the lattice to deform about the excitation. As
presently written, the Hamiltonian in Eq. is expressed in terms of creation and anni-
hilation operators for extended Bloch-type excitons. To facilitate the discussion of exciton
hopping, it is helpful to rotate to a localized basis. In the previous chapter, we outlined a
prescription for passing to a maximally localized representation of the exciton state. Here we
will use these MLXWF's as a basis for studying exciton transport from a localized perspective.

To construct MLXWTF's for the acenes, we work in the subspace of the lowest two excitonic
states. This choice is guided by the fact that there are two nonequivalent molecules per unit
cell. In Fig. we depict one MLXWF for anthracene. We find that the MLXWF is well
localized on a single molecule. There exists a second MLXWF (not shown here) which sits
on the second molecule in the unit cell. As discussed in Chap. 2, the exchange term in the
BSE Hamitlonain prevents the straightforward application of the MLXWF methodology to
spin-singlet excitons. For the moment we restrict our attention to spin-triplet excitons. In
Sec. we outline the extension to the spin-singlet case.
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Figure 4.1: MLXWF for anthracene plotted as a function of the average coordinate R with
the relative coordinate r = 0 — i.e. Wip(R,0) vs. R. The Wannier function is entirely real
so that yellow and blue lobes denote regions of positive and negative probability amplitude
respectively.

In the following discussion, we re-express Eq. in a basis of MLXWFs. In operator
form, the transformation between exciton Bloch functions and MLXWFs reads

o o= Z e U5, (Q)ckq
5Q
1

| (4.4)
GZQ'RU;S(QanRa
mR

where cInR is the operator associated with the creation of a localized excitonic state on the

m'™ molecular site, R unit cells away from some origin, and Us,,(Q) are the Wannier rotation
matrices discussed in Chap. 2.
With these transformations we rewrite Eq. in the Wannier basis as

= > Van(R—R)c] genr +quy
mRnR/

(4.5)
+ Z o Rgmnu R - RI ) mRCnR'(bqu + bq”)

mnRR/qv

where the couplings, V,,,(R) and G

(R, q) are related to the Wannier rotation matrices
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through
Von(R) = e "¥RUT (Q)Q5qUsn(Q) (4.6)
5Q
and
G (R, @) = D e R0 0 (Q+ a)G950(Q, a)Usn (Q). (4.7)
$5'Q

Physically, V;.,(R—R’) and G (R —R/,q) are couplings associated with exciton hopping
from molecular site nR’ to mR. The former is a purely electronic coupling stemming from
exciton wavefunction overlap while the latter derives from coupling to the lattice and can
be thought of as the probability amplitude for an exciton to hop from site nR’ to mR
accompanied by the emission or absorption of a phonon labeled by quv. In this basis, it
is conventional to further decompose G (Q,q) into a local (RR = mR) and nonlocal

(nR’ # mR) contribution, a point we will take up in the next section.

4.5 Local vs. Nonlocal Exciton-Phonon Coupling

The relative proportions of local vs. nonlocal exciton-phonon coupling in organic materials
has been identified as a critical factor in further determining the diffusive mechanism for
both charge and exciton transport. Two theoretical pictures are commonly invoked. When
exciton-phonon coupling is predominantly local, it may be energetically more favorable for
the exciton to localize and the lattice to relax about the exciton. It is appropriate to think
of the exciton and deformed lattice as a single quantum mechanical state — an exciton-
polaron [101]. The motion of the exciton-polaron is still inherently diffusive however in this
case the exciton-polaron defaults to remaining localized about a lattice site, and hops to a
nearby site when there is sufficient thermal energy.

By contrast, when the nonlocal coupling dominates, we can think of exciton-phonon in-
teraction as modifying the hopping integrals, V,,,(R). This coupling is often referred to as
Peierl’s coupling. Molecular dynamics simulations |103] have revealed that in this regime
exciton diffusion decreases with increasing temperature, similar to the band-like mechanism.
This mechanism has been proposed as a possible explanation for the high mobilities of ob-
served in certain organic semiconductors, like rubrene, despite the fact that mean free paths
in these materials at room temperature are on the order of the intermolecular separation.

To determine which transport regime is most appropriate for studying triplet exciton
diffusion in acene crystals, we plot the relative contributions of the local and nonlocal exciton-
phonon coupling in Fig. . In each panel, we plot the local, g?F.(w), and nonlocal
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Figure 4.2: Local and nonlocal, exciton-phonon matrix element spectral decompositions
computed according to Eq. for all acenes. The numbers in the legend give the relative
percentages of local and nonlocal coupling in these materials.
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Our analysis not only shows which type of coupling is dominant across the acenes but also
clearly depticts which phonons contribute most to this type of coupling. Several global trends
appear. First, across all materials, we notice that the nonlocal coupling is mediated primarily
by low energy phonons with energies below 30 meV. This is to be expected, such modes in-
volve intermolecular sliding motions. It is easy to imagine how such motion could drastically
alter the hopping integrals and give rise to large Peierls (nonlocal coupling). By contrast the
local coupling stems mostly from higher energy (above 100 meV) localized optical modes.
This too agrees well with our physical intuition, we expect these intramolecular distortions
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to have the largest effects on the on-site energy term and give rise to large Holstein (local
couplings) as seen in Fig.

Next, we note that as one moves from naphthalene to pentacene, the relative proportion
of local to nonlocal coupling steadily decreases. Integrating under the spectral functions, we
find that in naphthalene, roughly 75% of the total exciton-phonon coupling is local while in
pentacene only 20% is local. This trend can also be rationalized. As acene length increases
the size of the MLXWF is also expected to increase. With increasing size, we expect the
MLXWEF to be less sensitive to intermolecular vibrations so that the local coupling strength
diminishes. By contrast larger MLXWF allow for more overlap with adjacent MLXWF as
molecules move relative to one another. The implication is then that nonlocal coupling
should increase with chain length. Taken together, both these observations will tend to
decrease the ratio of nonlocal to local coupling, consistent with what is shown in Fig. [4.2]

At face value, Fig. suggests that for napthalene, anthracene, and possibly tetracene
it may be valid to think about transport within Holstein’s small polaron framework. By
contrast in pentacene, where Fig. suggests that nonlocal coupling dominate, one would
expect small polaron theory to be inadequate. In fact, we speculate that the extent of
the nonlocal coupling is overestimated in this analysis due to anharmonic effects. When
anharmonic effects are included, we expect the low-lying acoustic phonon modes to stiffen
and the zero-point amplitude associated with these modes to decrease [117]. Both effects
should lower the nonlocal exciton-phonon contribution. By contrast, the local coupling
should remain the same after including anharmonicity as the high frequency optical modes
are insensitive to anharmonic effects. Going forward, we will focus only on the polaronic
picture in the harmonic limit.

4.6 Small Polaron Theory and the Lang-Firsov
Transformation

To pass to the exciton-polaron picture, we make a similarity transform of the form HP°! =
eSHW e~ where
7iq-RgW

_ T € mmrv
S=- 5 ) RCmR

Wqv

OB, ol ,). (19)

—qv

mRqv

In Appendix [A.3] we detail the derivation of HP°'. Here we note that HP°' can be expressed
in terms of the exciton-polaron d! g (d;r) creation (annihilation) operators, the former is
defined as

st -5 _ f [_ 3 e RG . (0,q) (b

dInR = € CpRE = CymR €XP qv bT—CIl/) : (410)

vq Wav
Physically, CLR acts to create a localized excitonic state on the m'® molecular site in unit cell
R, while the exponential term has the form of a displacement operator acting on the ionic
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degrees of freedom. Taken together, when acting on the vacuum djnR creates a localized
exciton at lattice site (mR) and deforms the ionic lattice about this excitation. This is our
physical picture of an exciton-polaron.

In terms of these operators, HP°! reads

Hpol = — Z Ade,TanmR + Z w’/qbilybqu + Z Von (R _ R/)dIanan + Hnonlocal,
mR qv nmRR/
(4.11)

where A,,r is the exciton-polaron self-energy and H""°° denotes a residual term stem-
ming entirely from nonlocal exciton-phonon matrix elements. From here on we will neglect
Hronlocal ‘hased on results from the previous section, we expect this to be a better approxi-
mation from smaller acenes.

In zero temperature limit, the exciton-polaron energy nglll can be read off from the
diagonal components of HP°!, explicitly

an);)lli = _AmR + VmRmR; (412)
where V,,r.mr 18
Vikmi = > [Uns(Q)2sq, (4.13)
SQ

which follows directly from Eq. . Notably V,,r,mr depends only on the exciton dispersion
and we refer to this term as the electronic contribution to the exciton-polaron state. By
contrast, the exciton-polaron self-energy A,,r is given explicitly as

1 G ., (0,q)|?
Am —_ mmrvr

qv

(4.14)

1 Dssq Uhs (Q + 0)Gs50(Q, )Usim(Q)
‘EE: .

Wqv

The exciton-polaron self-energy, A,,r is independent of the unit cell, labeled by R, as must
be the case for a system with translational symmetry. A direct calculation shows that
—A,,r can also be interpreted as the energy release associated with the relaxation of the
lattice about about the localized excitation (mR). This term is often also referred to as the
reorganization energy [40].

4.7 Exciton Diffusion in the Hopping Regime

As already discussed, in the polaronic picture, the default is for the exciton-polaron to
remain localized about a lattice site, only when there is sufficient thermal energy can the
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exciton-polaron hop from one site to another. The motion is still diffusive and we expect
the diffusion constant to be given by

1

N_ Z PnR (XnRﬁmR’ )a (XnR%mR’ )BknRﬁmR’ P (4 15)
R

Dhopping _

mnR

where p,r is the normalized probability to find an exciton-polaron in state in the (mR)
at thermal equilibrium, while x,r ,,»r’ and k,r_mr’, respectively denote the distance and
hopping rate between exciton-polaron states labeled by (nR) and (mR’) with « and [ again
labeling Cartesian components. Finally, Ng denotes the number of unit cell used in the
simulation.

We have written Eq. is such a way that it is easily compared with Eq. but have
yet to specify how x,r_smr/, and k,r mr’ should be computed. We take x,r ,,r’ to be the
distance between Wannier centers of our MLXWF. As already depicted in Sec. [£.4] these
centers coincide with the centroid of the molecules in our system so that we can think about
the exciton-polaron as hopping between molecules. To determine k,r_,nr/, We treat the
hopping term in Eq. perturbatively at the level of Fermi’s Golden Rule. The calculation
gives

Kno—mR = @e—”mnm) /_ dt [exp ( - — Z 2 (t)) - 1], (4.16)

where
mmuv 07 QR _ nnv 07 2
Cd
Z mnn (R, @) 20y + 1], (4.17)

D, () = nql,e““q”t + (ngy + 1)e avt,

The subtraction of unity at the end of Eq. removes the coherent contribution. In
the limit where kT > wq,, the integrand oscillates rapidly and it is possible to make a
saddle-point approximation to Eq. .16l The result is

|[Viun (R)[? 4
7 Amn(R) kT

(4.18)

knO—)mR -

Amn(R)}

=P { T 4kgT

where

Z (R, q)we- (4.19)

Eq. has an Arrhenius form with activation energy E, = A\,.,,(R)/4, to hop from (n0)
o (mR). In the limit of a single band with nearest neighbor hopping, Eq. reduces to
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the textbook result [40]. A similar result can also be derived starting from Marcus theory
[118].

For the acene crystals we found that the phonons which couple locally to the excitons
are typically high energy (~ 100meV) optical modes (see Fig. . Thus the replacement
of Eq with Eq. is not strictly valid and it would be better to explicitly perform
the time integral in Eq. [£.16] However in this work, as a first approximation, we will use
Eq. which is ubiquitous in the quantum chemistry literature. In future work we will
compare the two expressions and quantify the error made in using the Marcus theory result.

4.8 Phonon-Induced Exciton Renormalization

Before computing hopping and scattering rates, as a first application of our exciton-phonon
formalism, we compute the exciton-polaron energy computed with the aid of Eq. [4.12

QBSE (eV) | QP (eV) | AQ (meV) | Q%P (eV)
Np (N=2)| 297 2.6 2280 2.6
Ac(N=3)| 205 1.86 1190 1.9
Te (N=4) | 143 1.31 1120 1.3
Pe (N=5)| 0.96 0.90 .60 0.9

Table 4.1: Bare, Q, phonon dressed, QP°', and experimental, QP energies for the lowest
lying spin-triplet. Experimental values taken from [73] and references therein.

In Tab. , we report lowest spin-triplet exciton energies for napthalene (Np), anthracene
(Ac), tetracene (Tc), and pentacene (Pc) computed though solving the ab-initio BSE with
ions clamped at equilibrium positions, 2P, and after coupling to phonons has been included
by evaluating Eq. . Including polaronic effects tends to decrease P relative to QBSE
and, over all compounds, brings theory into better agreement with experiment. In the
third column we report the exciton-polaron formation energy defined as AQ = QBSE — pol,
We observe that the formation energy steadily decreases as the number of acene rings, N,
increases. The trend stems from two factors: as N increases, V,,rmr, the energy cost
associated with exciton localization increases, while A,,r, the energy gain associated with
lattice relaxation decreases. Both trends tend to decrease A2 with increasing N.

4.9 Relaxation Times and Hopping Rates

While Tab. validates our approach, with this information alone, it is difficult to ascertain
whether the exciton or exciton-polaron quasiparticle basis is more appropriate for studying
transport in these systems. Notably a negative exciton-polaron formation energy does not
guarantee the formation of an exciton-polaron as coupling to phonons in any formalism will
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nearly always tend to decrease the excitation energy. To determine which basis is more
appropriate for studying dynamics, in Tab. [4.2] we report the phonon-limited exciton, Ty,
and exciton-polaron, Tye pol, relaxation times. The former is defined the as the average time
an exciton remains in its lowest energy quantum state while the latter is the average time
an exciton-polaron remains in its lowest energy quantum state . By definition, the former is
equal to the relaxation time (see Eq. while the latter is related to the exciton-polaron

hopping rate through
1

Txct-pol =
P Zle klO—)mR’ ’

i.e. summing over all possible hopping events given the exciton polaron is initially at site
n =1 in the home cell (R = 0). As expected, Tyctpol increases with increasing chain length,
N, a direct by-product of an increase in hopping, V', and decrease in activation energy, F,,
with V. Somewhat surprisingly we find that 7 is roughly independent of acene chain
length. This constant exciton coherence time stems from an off-set of two effects — as NV
increases the phase space for phonon scattering increases while the exciton-phonon coupling
strength simultaneously decreases. In the final column, we report the ratio of Tyct/7Txct-pol
finding this quantity is strictly less than unity across all acenes, physically indicating that
the exciton-polaron is a more stable (longer lived) triplet quasiparticle state.

(4.20)

Txct-pol Txct TXCt/T xct-pol
Np (N =2) | 26.1 ps | 30 fs 0.001
Ac (N =3)| 38ps |30fs|  0.008
Te (N=4)| 230fs | 20fs |  0.086
Pc(N=5)| 90fs |30fs| 0.333

Table 4.2: Exciton, 7y and exciton-polaron, Typol relaxation times.

Our analysis of the coherence times suggest that across all acenes, triplet diffusion is
better described with thermally activated hopping, instead of phonon-limited band-like dif-
fusion models. Nevertheless, for larger acenes like Tc and Pc, Tyt and Tyt por are similar
enough in magnitude that computing the diffusion coefficients in both limits is a worthwhile
endeavour. For this calculation, we require relaxation times throughout the BZ, 753q, and
site resolved hopping rates, k,0_mRr-

In the first row of Fig. 1.3, we plot the exciton dispersion for the two lowest triplet
excitons overlaying relaxation times computed via Eq. at T' = 300K. Relaxation times
are relatively uniform throughout the Brillouin zone (BZ) in Np and Ac ranging from 25-50
fs. By contrast in Tc and Pc, there is slightly greater anisotropy in relaxation times. We
further observe that in Tc relaxation times are largest at the X and Y BZ corners while in
Pc the longest relaxation time occurs at I'. In Pc there are narrowly avoided crossings at X
and Y, too small to see in Fig. 1.3 while in Tc, the crossings at X and Y are real. Such
behavior suggests that the character of the Tc and Pc bands should be very different and
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it is likely that different trends in the relaxation times throughout the BZ stem from this
feature in the dispersion.
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Figure 4.3: In the first row we depict the triplet exciton dispersion, computed through solving
the BSE, for the lowest two states in naphthalene (Np), anthracene (Ac), tetracene (Tc), and
pentacene (Pc) with state-dependent relaxation times, 7rq computed via Eq. and overlaid
in color. In the second row we depict the hopping rates k;;r computed in the exciton-polaron
picture. The star at the center of each figure denotes the initial exciton-polaron state. Hash
marks denote nearby molecular sites which excitons can hop to. The colored dots which
overlay the hash marks correlate with the rate at which the exciton-polaron hops to nearby
states. For instance in the final plot, the red arrow depicts a nearest neighbor hopping
event while the bright yellow color dot signifies average rate for this hopping is 6 ps~! — put
another way, the exciton, on average makes this type of hop 6 times every picosecond. The
gray dashed squares denote the unit cell and all calculations are performed at T' = 300K

In the second row of Fig. we provide a real-space depiction of the exciton hopping
rates. The star in the center of these plots indicates the center-of-mass of the initial exciton-
polaron state, while the surrounding hash marks denote nearby molecular sites the exciton-
polaron can hop to. The colored dots depict the rate at which hopping occurs to that
site computed with Eq. [£.16] In general, the hopping rates decrease as one considers sites
further from the initial exciton-polaron state, however the details vary across the acenes.
For instance in Np and Ac, the rate of hopping to the nearest four sites is identical due to a
nonsymmorphic symmetry these two acenes possess. This symmetry is also responsible for
the degeneracy seen in the exciton dispersion in row 1 for Np and Ac along the first and
final segments of the band plots. By contrast, Tc and Pc do not possess this symmetry, as
a result the four fold degeneracy in the hopping rate to nearest neighbor sites splits and we
find slight preference to hop along a specific direction.
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Figure 4.4: The ab-plane averaged exciton diffusion coefficient (D), as a function of temper-
ature for Np, Ac, Tc, and Pc, with the red and blue curves denoting the diffusion coefficient
computed via Egs. [£.2]and respectively. The two curves give rough upper and lower the-
oretical bounds on exciton diffusion coefficients and we shade the intermediate region gray.
Purple stars denote experimentally reported diffusion coefficients compiled in Ref. [96].

4.10 Diffusion Coefficients From Band and Hopping
Theories

With these ingredients, we are in a position to compute the diffusion coefficients, D,g3, in the
band and hopping limits via Eqs. and respectively. In Fig. [4.4] we show the results
of these calculations plotting the diffusion coefficient averaged over the ab plane, (D), over
a 100K temperature range, plotting the band-like and hopping limits in red in and blue
respectively. There are several universal, and expected, trends seen across all crystals. In all
cases, we find that (D Pand) , > (D Bopping) implying that in this temperature range, the
coherent band-like transport is more efficient than thermally activated hopping-like trans-
port. Further the two curves display opposite temperature dependences, as expected. With
increasing temperature the band-like diffusion coefficients decrease, reflecting the fact that
band-like diffusion is phonon-limited. By contrast the hopping diffusion coefficient increases
with temperature reflecting the fact that incoherent hopping-like diffusion is phonon medi-
ated.

In Np and Ac the diffusion coefficients in the band and hopping limits are separated by
roughly two orders of magnitude at 7' = 300K. By contrast in Tc and Pc the band and
hopping predictions are much closer in magnitude differing by only a factor of two or so
at T = 300K. That the band and hopping expressions give similar results for these larger
acenes, parallels nicely the coherence times reported in Tab. where we found that exciton
and exciton-polaron coherence times were relatively close.

In Fig. , we have also plotted experimentally reported diffusion coefficients (purple
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stars) taken from the review article [96]. In Np and Ac, we find very good agreement
between experiment and the theoretically determined (D B°PPn8) , computed at room tem-
perature while (D P4}, significantly and systematically overestimates experiment. The
result is particularly satisfying given that prior analysis suggests that for these materials
the hopping regime is the more appropriate of the two limits to consider. In Tc and Pc, we
find that both our theoretical band-like and hopping predictions overestimate experimentally
reported values by a factor of roughly 2-10, with the hopping diffusion coefficients fairing
somewhat better. There are a plethora of possible explanations as to why this might be the
case. First, the larger acenes host a number of multi-exciton processes such as triplet-triplet
annihilation [119]. These processes provide other avenues for exciton decay and have not
been included in the present analysis. Their inclusion would undoubtedly act to decrease
the theoretically computed exciton diffusion coefficient and could partially explain discrep-
ancies with experiment and theory. Second, in this study we have neglected to include the
effects of thermal lattice expansion opting instead to use experimental lattice parameters
often taken from diffraction measurements below room temperature. Thermal expansion
will tend to increase the spacing between molecules in turn decreasing the exciton over-
lap integrals, band-velocities, and through these quantities both the hopping and band-like
diffusion coefficients. Finally we note that accurate experimental determination of triplet
diffusion coefficients is quite complicated, often involving deconvolution of the spin-triplet
and singlet excitations and subsequent fitting to intricate kinetic models. As a result a range
of experimental diffusion coefficients have been reported in the literature further hindering
comparison between experiment and theory.

This concludes our discussion of computational results. In the subsequent two sections,
we discuss extensions and future directions related to this work before giving our conclusion

in Sec. .13

4.11 Variational Determination of U

In this work, we choose to work in a basis of MLXWF's. By definition, this basis is an upper
bound on the extent to which the lattice can localize the exciton. For systems clearly in the
polaronic regime, we expect the use of this basis to be a decent approximation. However
for systems like pentacene, where exciton transport is intermediate between hopping and
band-like it may be possible to find a better basis for our calculation.

One option is to treat the Wannier rotation matrices, Ug;(Q) appearing in Eq. as
variational parameters. In this approach we can view the polaronic operators, dInR[U | as a
functional of U. Explicitly

4 lU] = (ge-i%vgm@)c}q)

Z ZSS’Q U:n,S’(Q + 4)G55.(Q, q)Usi (Q)

Wqr

(4.21)

X exp {— (bgw — btqy) :

vq
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To fix U, we minimize the polaron energy, at 7" = 0, we find

QPR (U] = (0]dymr [UHd], 5 [U]]0)
= mR,mR[U] - AmR[U}

where V,,r mr[U] and A,,r[U] are defined explicitly in Egs. and respectively. In
the dilute limit, where the probability of finding two exciton-polarons in the same unit-cell
is unlikely, the m'" row of U may be determined by minimizing the m'" exciton-polaron
excitation energy Qf’,f(l,[U | subject to the constraint U is unitary, ensuring orthogonality of
the exciton-polaron states.

This approach of determining U is similar in spirit to the seminal work of Lee, Low,
and Pines on polarons in the intermediate coupling regime |120] and later by Pollmann and
Biittner to describe an exciton interacting with a polar lattice [18]. In their approach they
embed the variational parameter in U in the generator of the canonical transform S'[U]
and then fix U by minimizing the expectation value, (0|e=5'V1HeS'U110) with respect to U.
While the framework is the same, we emphasize the in both the Lee, Low, and Pines and
Pollmann and Biittner framework the generator of the canonical transform they use, S'[U],
differs fundamentally from the one used in this work S[U] which is why we have distingushed
them with a prime.

To the best of our knowledge, determining U though ab-initio minimization of QP[U]
has yet to be fully explored. Only very recently, has Sio et. al., carried out an analogous
minimization in the context of describing the lowest energy electron-polaron and hole-polaron
state in a few representative semiconducting materials [121} |122]. Indeed, minimizing the
lowest energy excitation Q,°°[U], with respect to the first row of U it is possible to recover
expressions originally derived by Sio et. al.

In future work, it will be very interesting to minimize Eq. explicitly and compare
the ensuing results to those determined with the MLXWEF ansatz.

(4.22)

4.12 Extension to Spin-singlet Excitons and the
Connection to Dexter and Forster Coupling

In this work we have restricted our analysis to spin-triplet excitons only. The extension to
the spin-singlet case is nontrivial but highlights the connection between Dexter and Forster
coupling in quantum chemistry and is interesting to discuss here.

As discussed in Chap. 2, for spin singlets, the exchange term of the BSE electron-hole
kernel gives rise to long range dipole-dipole interaction. With this interaction, in the Wannier
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basis, Eq. [4.5] reads

HW,smglet _ Z |:an<]3, . Rl) + p dgp _3 (p C)lB(p >:| C;rchnR’ + Z ququVbql/
mRnR/ a
+ Z eRgW (R - R/, Q)CinRCnR’ (biqv + bgy)
mnRR/quv

(4.23)

where p,, are the dipole moments associated with Wannier orbital W, in the average
electron-hole coordinate as defined in Chap. 1, and d is the distance between Wannier
centers, explicitly d = R+ 7,, — (R’ + 7,,). Carrying through the same manipulations that
led to the Marcus theory-like expression for the hopping rate given in Eq. [4.18] we find

2

_ 1 Pm " Pn (pm ) d) (pn ) d) m N )‘mn(R)
kno—smR = 3 Vin(R) + 7 3 pE Amn(R) kBT exp T |
(4.24)

Eq. is essentially equivalent to |4.18|except for the appearance of a dipole-dipole term in
the leading matrix element of the expression. When squared, this dipole-dipole interaction
falls off as 1/d%. By contrast, the V;,,(R) is a measure of the overlap between nearby
MLXWFs and falls off at exponentially in d. In quantum chemistry the dipole-dipole term
is often referred to as a Forester interaction [123] while the short range term proportional to
the overlap V,,,,(R) is the Dexter interaction |124].

Presently the extension of this theory to the singlet case is hindered only by the accurate
determination of the Wannier exciton dipole moments as discussed in Chap 2 where we
found that the exchange kernel mixes many states and the determination effective low-lying
Wannier exciton dipole moments is a non-trivial task.

4.13 Conclusion

In this work, we have developed an ab-initio framework for studying exciton diffusion based
on linear exciton-phonon coupling that treats the band-like and hopping limits on equal foot-
ing for crystalline solids. In the hopping limit, we have generalized the original Lang-Firsov
polaron transformation to the multi-band case explicitly considering the gauge freedom this
introduces. Using a physically motivated choice of gauge in the hopping limit, we apply our
framework to the acene series. We find significant renormalization of triplet exciton ener-
gies due to the lattice. Analysis of the exciton and exciton-polaron coherence times suggest
that for shorter acenes (Np and Ac) the exciton-polaron basis is a better starting point for
studying triplet exciton transport while for longer acenes (Tc and Pc) it is somewhat am-
biguous. We compute the diffusion coefficient as a function of temperature for all materials
finding excellent agreement between theory and experiment for Np and Ac. In Tc and Pc
we find the agreement with theory and experiment is less good, possibly due to the neglect
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of multi-exciton processes which have not been considered in this work. We expect that the
formalism developed here can be used as a starting point for an even more general predictive
description of exciton transport going beyond these two limits without resorting to empirical
parameters.
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Chapter 5

Phonon Screening of Excitons in
Semiconductors: Halide Perovskites
and Beyond

This chapter is adapted from Ref. [125] and includes work in collaboration with Marina R.
Filip.

5.1 Introduction

Excitons are central to a wide range of optoelectronic applications, from photovoltaics and
photocatalysis, to light emission and lasing [98, [126-128]; they emerge from the many-body
interactions between charge carriers, photons, and phonons in optoelectronic materials [2].
In many bulk semiconductors, weakly bound Wannier-Mott excitons can be understood with
a hydrogenic model [5,129], in which the attractive Coulomb interaction between a photoex-
cited electron-hole pair is screened by a dielectric constant €. In this picture, the exciton
binding energy is j1/2¢? in atomic units, where u is the magnitude of the reduced effective
mass of the electron-hole pair [5]. Optical measurements under high magnetic fields use this
model to extract the exciton binding energy, Fz and p [130,|131]. In ionic or multicomponent
semiconductors, an “effective dielectric constant”, e.¢ = \/2Eg/p, is frequently reported,
usually taking values between the optical, £, and static, g, dielectric constants. The use
of ¢ approximately accounts for the fact that the electron-hole interaction is screened by
both the electrons and phonons |17, 127 [132]. However, it also obscures the details of spe-
cific phonons contributing to e.¢, and it does not explain whether or why electron or phonon
screening might be important in a given case. Rigorous ab initio calculations would therefore
be of great value in this context.

Ab initio many-body perturbation theory calculations within the GIW approximation |11,
43] and the Bethe-Salpeter equation (BSE) [12,133] approach have been successful in quan-
titatively understanding the quasiparticle band structure and optical excitations of materials
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ranging from the simplest III-V semiconductors [12] to materials with heavy elements [134]
or hybrid organic-inorganic components [135], low dimensionality [136], and intrinsic de-
fects [137]. First principles methods including the effects of lattice vibrations have led to new
understanding of the renormalization of the electronic band structure due to electron-phonon
interactions [38, 138, [139], as well as optical absorption [140} |141] and photoluminescence
lineshapes [19, 142].

Recently, several first principles studies of a broad range of materials predicted exciton
binding energies which are overestimated with respect to experiment [143-147]. In particular,
Ref. [146] recently reported calculated exciton binding energies of hybrid organic-inorganic
lead-halide perovskites which overestimate experimental measurements by up to a factor of 3.
Ref. [146] attributed this overestimation to the coupling of the constituent free electrons and
holes to phonons (hereafter referred to as “polaronic effects”). On the other hand, Ref. [147]
used an approximate model dielectric function to conclude that phonon screening due to
infrared active phonons renormalizes the exciton binding energy by up to 50%, bringing
calculated values in much closer agreement with experiment. Since both reports are based
on approximate hypotheses and implementations of phonon effects, it is not yet clear how
these conclusions may be reconciled, in the absence of a complete ab initio calculation.

The problem of electrons and holes interacting in a phonon field has been studied us-
ing phenomenological models, assuming parabolic electronic band structure and a phonon
spectrum consisting of a single dispersionless phonon [17, 132, 148-150]. Ref [132] showed
that calculation of the exciton binding energy within such models must account for pola-
ronic and phonon screening effects, with both contributions leading to a net decrease of the
calculated exciton binding energy, as compared with the standard hydrogenic model expres-
sion |132]. However, rigorous inclusion of polaronic and phonon screening effects within the
BSE formalism remains an open challenge. In this work, we focus on the latter.

The remainder of this chapter is organized as follows. In Sec. [5.2] we review the screened
phonon formalism and give a diagrammatic description of this screening. In Sec. we
show the Bethe-Salpeter Equation approach can be rigorously generalized to include phonon
screening. In Sec. we give results of CsPbX3 family of perovskites. In Sec. we review
how Haken’s phenomenological potential can be recovered in the present approach and use
this result to give a simple expression for the renormalization of the exciton binding energies
in terms of physical macroscopic quantities. In Sec. we discuss effects beyond the virtual
exchange of a phonon focusing especially on polaron interference effects. In Sec. and
we discuss future directions focusing on the imaginary part of the phonon correction as well
as the screening of excitons due to other low energy bosonic excitations, using the carrier
plasmon is a specific example of recent work in this space.
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5.2 Electronic and Ionic Contributions to the
Screened Electron-Electron Interaction

Central to the framework presented here is the equivalent treatment of electronic and
ionic contributions to the screened Coulomb interaction, W. As discussed by Hedin and
Lundquist 22|, and reviewing in Chap. 2, W can rigorously be written as the sum of an
electronic, W*, and ionic (or phonon), WP! part, explicitly in the frequency domain,

Wi(r,r';w) = W(r,r';w) + WP(r,r'; w). (5.1)

where the separation highlights the fact that both the electronic and ionic degrees of freedom
independently screen the bare electron-electron interaction.
The electronic contribution to the screened interaction is often expressed in frequency

space as
We(r,r',w) = e (r, 1, w)ve(r — 1'). (5.2)

where e(r,r’,w) and v.(r — r’) denote the frequency dependent (optical) dielectric func-
tion and bare Coulomb interaction, respectively. This form is particularly convenient for
numerical calculations where e(r, r’, w) is frequently computed within the random-phase ap-
proximation (RPA). By contrast the general form of WP is less familiar. In Ref [22] it is
given as

WP (r,r'; w) quu (w)gg (r r'), (5.3)

where the phonon propagator, Dg,(w), and electron-phonon matrix elements, gq,(r), are

given by
1 1
Dgy(w) = — — — —, (5.4)
W — Wqy + 11 W+ wWqr + 11

and
o (£) = / e (r, 1) gh, (1), (5.5)

respectively. Here wq, are the phonon frequencies associated with phonon with crystal mo-
mentum q in branch v while 7 is an infinitesimal positive number which ensures correct
time-ordering. In Eq. we have expressed the screened electron-phonon interaction in
terms of the bare electron-phonon interaction, ¢°(r) = Oq, Vion(r), with 9y, Vion(r) symboli-
cally denoting the change in the ionic part of the potential upon displacing ions along phonon
mode (qv).

To build intuition for these expressions it is helpful to write the W¢ and WP" as a series
in the electronic polarizability, P.. Recall the relation between ¢! and P,, namely,

1 1

el=————
1_UcPe (56)
=1+ vl + v Pv. P+ -+,
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where space and time indices have been suppressed and it is understood that the notation
v.P, implies [ d®r'v.(r,r')P.(r/,r”,w). Substituting this expansion in Eq. for We, we
find

wel = ey,

(5.7)
= (Ve + V. Pove + 0. Pov.Pov, + - - ).

At lowest order in perturbation theory P.(rt,r't') = iG(rt,rt')G(r't',rt) where G(rt,rt’)
is the single particle Greens function. At this order, we physically associate P, with the
creation of a virtual electron hole-pair. Eq. can then be interpreted as screening of the
Coulomb interaction by virtual electron-hole pairs with each subsequent term accounting for
an additional screening event.

We can develop similar microscopic intuition for the WP? by expressing it directly as a
function of the irreducible polarizability, P.. Plugging Eq. into we find

g = 6_lgb

(5.8)
= gb + VeXo0gb + VeXoVeXogh + -+ -

Then, plugging Eq. into the definition of WP" given in Eq. and explicitly retaining
all terms up to 2°¢ order in v,, we arrive at the following expression

WPh = gDg*
= (g + vePegp + VePevePegy + -+ ) D(gy + vePegy + vePevePegy + -+ +)
= g Dgp+
VPegp Dy + gpDgy Pevet
VP Peg Dy + gy D gy PevePevet

(5.9)

We find that WPh has nearly the same from as W¢ but with a phonon propagator g,Dg;
inserted at every possible position. It is worth pausing to note the obvious asymmetry.
We observe that for a general term in this expansion, the Coulomb interaction can “fire”
many times — i.e. a virtual photon can be exchanged many times — however a phonon is
never exchanged more than once per term. Physically we expect this to be a reasonable first
approximation since the Coulomb interaction is mediated on a much shorter time scale than
the those associated with ionic motion.

To build additional insight, and connect with familiar textbook expressions, we explicitly
derive an expression for WP" assuming the screening is mediated by a single dispersionless
longitudinal optical phonon mode with frequency wyo which couples to electrons through a

Frohlich vertex with the form
1
47 WL,O 1 1 ’ iq-
— — - = ar 5.10
NV 2 <goo eo>] ‘ (5.10)

gq(r) = H
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Plugging Eq. and into Eq. [5.3] we find

WP (e, 1) — [(i _ l) L}vc(r ). (5.11)

2 .
€0 €0 ) WE—Wig+in

We immediately recognize the term in square brackets as the dynamical lattice contribution
to the dielectric function derived in elementary treatments of the subject from the motion
of a harmonic oscillator. For w > wr,o, WP" — 0 reflecting the fact that at high frequencies
the ions can not adjust quickly enough to screen the excitation. While in the w = 0 limit,
WPh(w = 0) = (g5 — e)v.. When this WPP(w = 0) is added to W®(w = 0), one finds
W(w =0) = g, v, as expected.

In the following sections we detail how to rigorously include both W¢ and WP" in the
GW-BSE approach.

5.3 The GWP! correction

As discussed in Chap. 2, when Hedin’s equations are extended to include ionic motion, the
first order self-energy correction takes the from ¥ = iGW where W is given by Eq. 5.1}
The electronic contribution to the screened interaction gives rise to the usual GW approxi-
mation (here GW®), while the phonon contribution gives rise to the Fan-Migdal self-energy
correction. Explicitly

P! (K, w) = 2L /G(r,r’;w + W YWPR(r 1 ) e™ duw

T
= (nk|g}q(r)|[mk + q) (mk + q|g,q(r))|[n'k) (5.12)
mqr
% fmk+q + 1- fmk—i—q
w — Emk+q + Wyq — ) W — Ekarq — Wyq T i

where the electron-phonon self-energy ZEE,;k(w) = (nk|XP(r,r’;w)[n'k) while E,, |nk),
and fx, denote the eigenenergy, Bloch eigenstate, and Fermi-Dirac occupation factor (at
T = 0K) for an electron with band index n and crystal momentum k.

The diagonal component of the electron-phonon self-energy is routinely computed in
standard electronic software packages [151]. Physically, the real part of this self-energy gives
rise to the renormalization of the electronic eigenvalues due to electron-phonon interactions.
This self-energy correction reduces to the Frohlich’s large polaron analysis in the limit where
(i) the general electron-phonon matrix element is replaced with the Frohlich vertex (see
Eq. , (ii) the phonon frequency is replaced with a single dispersionless mode, w,o, and
(iii) isotropic, parabolic bands with effective mass, m are assumed, explicitly Ey = k*/2m.



CHAPTER 5. PHONON SCREENING OF EXCITONS IN SEMICONDUCTORS:
HALIDE PEROVSKITES AND BEYOND 58

With these approximations,

3/2
Re(EP (k, By)] =~ i1 (ﬂ)m
Vv Ex WLO

(e
:—awLo+Ek<1—g>+---,

(5.13)

where, atomic units continue to be used throughout and o = /m/(2wro)(eZ — 5*). In
the second line we have expanded in arcsine to second order in y/ Ey/wro. We arrive at the
usual result; the interaction with the polar phonon lowers the electron energy by amount and
—awro and increase the effective mass to m* = m/(1 — a/6). The latter will be important
in Sec. when we discuss polaronic effects on the renormalization of the exciton binding
energy.

The imaginary part of ¥P" also contains physical information, namely it is proportional to
the phonon-limited relaxation time, i.e. the time between electron-phonon scattering events.
Explicitly for the diagonal component we find

m
Im[S2 (k. B = 75 g (k, @)
g (5.14)
X [(1 — fricta) 0 (Enk — Epicrq — Wav) + ka0 (Enk — Emkiq + wq”)]'

Making the same approximations as above it is possible to derive a model expression for this

quantity,
3 v/ E VE
Im[SP (k, B)] = ay/ 220 1n [ “Lo T MtV k| (5.15)
Ex vwro + Ex — v Ex

Many of the following sections will be devoted to deriving expressions similar to those pre-
sented here but at the exciton level.

5.4 The Bethe-Salpeter Equation Approach

As discussed in Chap. 2, in the standard ab initio reciprocal-space GW-BSE approach, the
BSE can be written, in the Tamm-Dancoff approximation [Rohlfing2000, |152|, as

(Eck - Evk)Aka + Z Kcvk70’v’k’(QS)A§v’k’ = QSAEvh (5-16)

cv'k!

where F. and FE, are the quasiparticle energies of the free electron and hole with band
indices and wavevectors ck and vk, respectively, usually calculated within the GW approx-
imation [43, |53]. Exciton energies and expansion coefficients, in the electron-hole basis, are
given by Qg, and A5, = (cvk|S) respectively, with S the principal quantum number for the
exciton, and |cvk) the product state of an electron-hole pair, where the components of the
products are typically Kohn-Sham wave functions computed with DFT [153].
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The electron-hole kernel, K, couples products of the single-particle states and is, at lowest
order, written as the sum of two terms, a repulsive exchange term, KX, which is negligible
for weakly bound excitons [54], and an attractive direct term, K, given by, as in Ref. [54],

C/U/k/> ’

where 7 is again a positive infinitesimal quantity. In general, the BSE must be solved self-
consistently, as KP depends on §2g and we use the convention

(cvklf(r,r)[v'k) = / Erd’' Y5 (0) e (1) f (1, 1) b () oo ().

Plugging Eq. into Eq. [5.17], we see that there are two contributions to the direct kernel,
one due to electronic screening, W, which we label K and one due to phonon screening,
WP which we label KP". To date, the vast majority of contemporary BSE calculations only
use K when constructing the direct kernel. Further it is common practice to neglect the
frequency dependence in evaluating K so that

Ko oo = — (cvk| W (r,r',w = 0)|¢v'k') (5.18)

KD oo () = —<cvk 2L /dw e MW (v, r'; w) x

(e

(5.17)
1 1

— + :
Q—w—(EBeow — Ba) +in = Q+w— (Ba — Eyw) +in

an approximation which is valid in the limit where the intrinsic carrier plasmon frequency is
much greater than the exciton binding energy. To the best of our knowledge an equivalent
expression for KPP suitable for present day first principles BSE calculations, has yet to
appear in the literature. To derive this correction, we plug Eq.[5.3]into Eq. and perform
the frequency integral, an easy task given the simple pole structure of the phonon propagator,
Dgy (see Eq.[p.4). The result is

Kflflk,c’v’k’(Q) == gCC'V(k/7 q)g;v’u(k,7 q)
| N 1 (5.19)
Q — (Ec’k’ — Evk) — wa, + ’lT] Q — (Eck — Evlk/) — wq,, + Z77 ’
where gnm, (K, q) = (mk’ + q|gqn|nk’), with q =k — k'
Eq. represents a central result of work. In its present form, KP" can be added directly

to the electron-hole kernel and the BSE solved to include the effect of phonon screening. In
practice we find it simpler to work with the phonon kernel in the exciton basis, explicitly

Kspg/ (Q) = Z ACS;kaglk,c’v’k’ (Q)Acs’v’k’7 (520)

cvkc’v'k’

X

In this basis, exciton eigenenergies including renormalization due to phonons, denoted by 2,
are found through solving the characteristic equation

det](©2s — Qdss + KE()] =0, (5.21)
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where (g denotes exciton eigenenergies before phonon effects are included. When the entire
matrix (S|KP"[S’) is used and Eq. solved, the solutions are guaranteed to give the same
result as solving the BSE directly with (cvk|KP!k’¢v’) —i.e. we have just chosen to solve
the BSE in a different basis. An advantage to working in this basis is that diagonal elements
of K gg, are often small relative to the off diagonal elements. In the limit where off-diagonal
elements are entirely neglected the characteristic equation decouples to give

AQg = Re[K24(Qs + AQs)], (5.22)

where AQ)g = ) — Qg, is the change in the exciton eigenenergy due to phonon screening.
As written, Eq. must be solved self-consistently as is typical in Brillouin-Wigner per-
turbation theory. Taking Af2g = 0 on the right-hand side of this equation we arrive at the
Rayleigh-Schrodinger result, namely

AQg = Re[KE%(Qs)]

== Z qufkgcdl/(k/v q)g:v’y(k/’ q)Af’v’k’
cvk,c’v'k’! (523)
{ 1 1
X -+ .
QS — (Eclk’ - EU ) - wa/ QS - (Eck - Ev/k’) - qu

It is possible to also derive this final expression directly from second order Rayleigh-Schrédinger
perturbation theory. In the next section we compute AS)g after making several justified ap-
proximations.

5.5 Results for the CsPbX3; Family

We now use the above formalism to study CsPbXj3 lead halide perovskites, with X = CI,
Br, I. For all calculations on lead-halide perovskites, we use experimental lattice parameters
reported in Refs. [154] [155], and relax the atomic positions. We study the low temperature
orthorhombic phase, with lattice parameters summarized in Table 5.1} All DFT calcula-
tions are performed using the generalized gradient approximation within the Perdew Burke
Erzerhof parametrization (PBE) [156], including spin orbit coupling as implemented in the
QUANTUM ESPRESSO package [157]. For all calculations we use the norm conserving fully
relativistic pseudopotentials from the PseudoDojo database [88, 158], with the following va-
lence electrons configuration: Pb (5d'° 6s? 6p*), I (5s% 5p°), Br (4s? 4p°), Cl (3s?3p®) and Cs
(5s? 5pb 6s'). We use a plane wave cutoff of 50 Ry and discretize the Brillouin zone using a
half shifted Monkhorst-Pack grid of 6 x 4 x 6, following the aspect ratio of the unit cell.
We calculate the quasiparticle eigenvalues of the lead-halide perovskites with a one-shot
GoWy approximation as implemented in the BerkeleyGW code [13]. We calculate the static
screened Coulomb interaction within the random-phase approximation (RPA) |50, 51], and
extend this dielectric function to finite frequencies using the Godby-Needs plasmon pole
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a (A) b (A) c (A) Space Group Ref.
CsPbCl;  7.902  11.248  7.899 Pnma  [154]
CsPbBrj 8.250 11.753 8.204 Pnma [154]
CsPbly 8.856 8.576 12.472 Pbnm [155L

Table 5.1: Experimental lattice parameters and space groups of the orthorhombic phases of the
three halide perovskites studied in this work. Complete structural information can be found in the
references cited in the table.

model [52]. We use a half-shifted 4 x 4 x 4 k-point mesh, a 14 Ry plane wave cutoff and
1000 bands to calculate the dielectric screening. In addition, we sum over 1000 bands in
order to calculate the electronic self-energy on a I'-centered 4 x 4 x 4 k-point mesh, following
convergence studies reported in Ref. [159], and used the static remainder approximation to
optimize convergence with respect to the number of empty states [160]. These computational
parameters are similar to previous GW calculations on the quasiparticle band gap in halide
perovskites, and are expected to yield band gaps converged within 0.1 eV [155, (159, |161}
162].

In Table [5.2] we compare calculated GoW, band gaps and reduced effective masses to
experiment. The computed gaps consistently underestimate experiment by up to 0.5 eV, a
shortcoming of one-shot GoW, approximation previously identified in a number of compu-
tational studies [135} 163-165]. The reduced effective masses of CsPbl; and CsPbBr; agree
well with recent magneto-optical measurements at high magnetic fields, while for CsPbCls
the reduced mass is slightly underestimated with respect to experiment [9, 130].

B (V)  EC™ (V)  EpP (V) p(mg) __ pov(m.)
CsPbl; 0.85 1.46 1.7 [166] 0.142 0.202 £+ 0.01
CsPbBr; 0.95 1.85 2.4 [166] 0.102 0.126 £ 0.02
CsPbCl; 1.35 2.74 3.0 [167] 0.93 0.114 £ 0.01

Table 5.2: Summary of band gaps calculated within DFT+SOC and GoWy@PBE + SOC in this
work, and compared with experimental band gaps reported in Refs. [166| 167].

In Tab. we report exciton binding energies calculated within the standard BSE ap-
proach, i.e. including only electronic screening when constructing the electron-hole kernel.
We calculate the exciton binding energy by solving the Bethe-Salpeter equation within the
Tamm-Dancoff approximation, as implemented in the BerkeleyGW code [13]. We construct
the electron-hole kernel on a 4 x 4 x 4 k-point grid, using 20 valence and 20 conduction bands,
which is then interpolated to a fine mesh with 4 valence and 2 conduction bands (spin de-
generate). It was previously shown in the case of MAPbDI3 that the exciton binding energy
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is sensitive to the density of the k-point mesh used to diagonalize the BSE Hamiltonian,
which constitutes the principal bottleneck for the calculation of exciton binding energies in
halide perovskites |[146]. In order to reach very dense k-point meshes, we employ the patched
sampling scheme, originally introduced in Ref. [152], whereby for the diagonalization of the
BSE Hamiltonian we take into account only k-points in a small patch around the I'-point.
The electron-hole interaction kernel and quasiparticle eigenvalues are interpolated on the
fine grid using the method described in Ref. |12 |13].

In agreement with previous calculations [146, |147], we find that exciton binding ener-
gies neglecting phonon screening overestimate experiment by up to a factor of 3. Despite
these discrepancies, after blue-shifting the calculated optical absorption spectrum to align
with experiment, we find the lineshape to be in good agreement with measurements at low
temperature as seen in Fig. 5.1 We further observe that low-lying optical excitations are
well described using a Mott-Wannier hydrogen model. In Figure we compare the BSE
solutions for the 1s and 2s excitonic states with those predicted by the hydrogen model with
w calculated from GoW, band structure, and with e, calculated within the RPA [50, 51]. We
find a maximum difference between the hydrogenic model and the standard BSE calculations
of 6 meV for both 1s and 2s excitonic energies across all three halide perovskites. Finally,
in Figure [5.3] we plot the exciton expansion coefficients obtained from our BSE against the
analytic expressions for hyrodgenic 1s and 2s states. We take a = e,,/u and find excellent
agreement between the BSE excitonic wave functions and the analytic forms.

(a)

Exp. (T = 4K)
---. Theo. (w/o e-h)
—— Theo. (w/ e-h)

Absorption coefficient (arb. un.)

25 30 35 40 45 50
Energy (eV)

Figure 5.1: Optical absorption spectrum calculated within GW /BSE (continuous line), RPA
(dotted line), and from experiment (grey dots) [167] for CsPbCl;. Calculated spectra are
blue-shifted by 0.3 eV to match the experimental onset from Ref. [167].
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Figure 5.2: Exciton binding energies predicted from GW /BSE (filled circles) and the hydro-
gen model (lines).

wro (mevV) wio (meV) oo exp €0
CsPbl; 14 14.2 5.5 N/A 22.5
CsPbBrj 18 17.9/20.4 4.5 N/A 18.6
CsPbCl; 26 25.3/28.0 3.7 3.7 17.5

Table 5.3: Summary of the computed and experimental LO phonon frequencies, wy,o, optical,
£+, and static, ¢, dielectric constants.

To reduce the computational cost associated with a direct evaluation of Eq. we
make two additional approximations. First we use the analytic hydrogenic expressions for
the 1s exciton coefficients, namely

(2a)3/? 1
1+ a?k?]?
where a = e,,/1, denotes the exciton radius, an approximation which has already been

justified in Fig. [5.3] And second, we approximate the electron-phonon matrix elements
using a multi-mode, ab initio Frohlich vertex, introduced in Ref. [23]:

1/2
. 4 1 q- Zn : emx(q)
e (K, Q) = g = 15— T —_—, 5.25
g ( q) gq ZVUC . <2NM;§;qu) q “ €00 * q ( )

AS

cvk

— Ay = (5.24)
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Figure 5.3: Exciton radial probability density (main) and probability of localization (inset)
in reciprocal space, calculated from GW /BSE and the hydrogen model for 1s (dark red) and
2s (dark blue) states.

where V. is the unit cell volume, M, are the atomic masses, Z, Born effective charge tensor
and e, (q) are the eigenvectors corresponding to the phonon modes, wq,, for each atom
indexed by k. Here the justification is again given through comparison of the multimode-
Frohlich model with the electron-phonon vertex computed from density functional pertur-
bation theory. In Fig. |5.4] we show that for small ¢, the two vertices agree very well.

With these simplifications, Eq. reduces to

kqu QS - (Eck - Evk+q) - wa/ QS - (Eck+q — Ev ) — Wqv (526)

= — Z AkJrquh(k’ q)Ak,
kq

Ao — N4 |9qu|* |9qu|® A
s = Z k+q + k

where we have dropped the primes on the band indicies since we are now working in a two
band model. To recover the Brillouin-Wigner result we could replace {2s appearing in the
energy denominator with g+ A and then solve the equation self consistently. In practice
we find the Brillouin-Wigner result and Rayleigh-Schrodinger result differ by less than 1 meV
so we will stick with Eq. going forward. Finally, by definition, the change in the exciton
binding energy is AEp = —AQg.

The standard BSE exciton binding energies and phonon screening corrections are sum-
marized in Table for all three CsPbX3 perovskites. We find that phonon screening
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Figure 5.4: In panel (a) the DFPT phonon dispersion is shown. The overlayed red and yellow
circles are the magnitude of the phonon vertex |q|gq for the CBM and VBM respectively. In
panel (b) the ratio of the DFPT to Frohlich vertex is plotted as a function of q.

contributes to the reduction of the exciton binding energy between 12% and 17% for the
CsPbXj3 series, improving the agreement with measurements reported in Refs. [166] 168,
169]. However, for CsPbls, our calculated relative phonon screening correction of 17% is
less than half of the 50% correction predicted in Ref. [147]; as we show in the following,
this discrepancy can be attributed to electronic band dispersion contributions, accounted for
here but neglected in prior work.

Ep (meV) AEg (meV) EZ?Y (meV)
CsPblj 47 -8 15+1
CsPbBrg 70 -12 33£1;38£3
CsPbCly 146 -17 724+3;64£1.5

Table 5.4: Exciton binding energy computed from BSE, Fg with only the electronic contri-
bution, the correction due to phonon screening AFEp, and experimentally measured values.

To further investigate the contribution of phonon screening to the exciton binding energy;,
we perform a spectral decomposition on the phonon kernel in Fig. For all three halide
perovskites, we find that the contribution of the highest lying IR active phonons accounts for
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more than 90% of the expectation value of KP! with the remaining contribution due to the
lower energy LO modes. Furthermore, as shown in Fig. the phonon kernel drops sharply
outside of the q — 0 range, a trend attributed to the strong localization of the exciton
wavefunction around the center of the Brillouin zone, and the fast decay of the long-range
electron-phonon vertex in reciprocal space.
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Figure 5.5: Exciton wave functions plotted along the high symmetry path for CsPbClg
(a), CsPbBrj (b) and CsPbl; (c). Phonon decomposition of the phonon screening correction
computed using the ab initio Frohlich vertex (dark blue circles) overlayed over the phonon
dispersion spectrum CsPbCl; (d), CsPbBrj (e) and CsPbl; (f) from DFPT. The size of the
points is proportional the phonon screening correction, in logarithmic scale.

5.6 Relation to the Haken Potential and Derivation
of Model Expressions

As pointed out by Strinati , the phonon kernel is closely related to Haken’s potential.
We briefly outline the connection here and use these results to derive a simple correction
to the exciton binding energy in terms the ratios wpo/Ep and £ /9. We take Eq. as
our starting point and insert Fourier transforms to express the first order correction as an
integral in real space. We find

AQg = / Frde' F*(r)ve(r, ) F(r') (5.27)
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where )
F(r) = Z et Ay = — e7"/e, (5.28)
Kk
and
Verr(r, 1) = Y e RFDTRPR (K e T (5.29)
kq

with KP(k,q) is defined in Eq. . For general KP%(k,q), veg(r,r’) is nonlocal. However
in the limit where KP"(k, q) depends only on q, veg becomes entirely local in r and takes the
form of an effective central potential — ie, veg(r, 1) = veg(r)d(r—r’). To derive a specific from
for KPP starting from Eq. , we now make several approximations. We (i) restrict ourselves
to a single dispersionless longitudinal-optical mode with energy wyo which couples to both
the electron and hole through a traditional Frohlich vertex (see Eq. [5.10)), (ii) assume the
conduction and valence energies appearing in Eq. are described near the band edge by
parabolic bands with effective masses m. and my, respectively. Under these approximations,

n_wWof 1l 1 ifletq)r 4T !
Ueﬂ(rvr)_ 2 (Eoo 50)%.;6 q2 EB_|_k2/2me—|—(k—|-q>2/2mh+WLO
1 kv’
" ezk~r’
Ep + (k+q)?/2me + k*/2my, + wro

(5.30)

where Fp is the exciton binding energy. For excitons which are very localized in k-space,
such as hydrogenic excitons, it may be appropriate to neglect their k dependence, then the
Fourier transform is readily performed to arrive at the following effective potential

1 WL,0 1 1 1 —r/ —r/
e s / - —_— - _ T/Te T/Th (5 _ / ’ 531
’Uff(I‘I‘) 2wLo+EB (800 80)7”(6 te ) (I‘ I‘) ( )

where, 7., take the form

1
= _ 5.32
" h \/2me,h(EB + wLo) ( )

In the limit £ — 0, 7. coincides with the conventional definition of the polaron radius.
Further, in this limit, veg(r) reduces to the effective potential derived by Haken, for an
exciton coupled to a polar phonon. Going forward, we retain the Eg dependence as in many
systems of interest the exciton binding energy is similar or even larger in magnitude than
the energy of the screening phonon. To compute the change in energy associated with this

effective potential, we plug Eq. into Eq. to find

Foo 1 = a Trox
AFEg = —2wro (1 — g) (1 +wLo/EB)(1 n \/1/2 +wLo/(2EB))2 (k =0 app ( .>a )
5.33
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In Ref. [125], instead of neglecting the k dependence in KP(k,q), we neglect the q depen-
dence of the interacting phonon. With this approximation, a similar, though not entirely
equivalent, expression for the change in exciton binding energy can be derived. We find

N\ Vv Ep+3
AEp = 2wio| 1 - foo +wio/Ep + 3 (q = 0 approx.). (5.34)
€0 (1+\/1+wL0/EB)

Since the exciton wave function is highly localized at the center of the Brillouin zone (see
Fig. , it is tempting to assume that the dispersion of the electronic band structure may
also be neglected. This approximation leads to an even simpler expression for the change in
the exciton binding energy, namely

€ 1
AFEp = =2 1 - =) k=qg= 2. .
B wLo( - ) T+ oo/ Ep ( q = 0 approx.) (5.35)

We note that in the wro/Ep > 1 limit Eqgs. [5.33} [5.34) and approach ~ 1/3,1 and 2
times the quantity —wro(1 — €x0/€0) respectively. The discrepancy highlights the care with

which one must use when working with these model expressions. In Tab. 5.5, we compare
the results of these simple analytic models to the numerical results computed with Eq. [5.23]
For the lead-halide perovskites, we find that Eq. performs best. We emphasize that
this may not always be the case and the performance of a given model maybe be material
specific. Nevertheless, in the following paragraphs we will work with this particular model
to build a qualitative understanding for how the exciton binding energy is renormalized of
over a wide range of material parameters.

Numeric (meV) Eq. [5.33 (meV) Eq. [5.34] (meV) Eq. [5.35 (meV)

CsPbl; -8 ) -9 -15
CsPbBrs -12 -6 -12 -18
CsPbCly -17 -9 -19 -30

Table 5.5: Summary of how model corrections in Egs. compare with the numeric results
computed according to Eq. .

To examine phonon screening trends across a wide range of semiconductors and insulators,
we plot the phonon kernel relative to the bare exciton binding energy Ep, |AEg|/Eg, as a
function of Ep /w0, and £¢/e, in Figure , following Eq. . We overlay our calculations
for the CsPbXj series, as well as some other isotropic semiconductors and insulators such
as CdS, GaN, AIN and MgO. In all cases considered, the inclusion of phonon screening
effects reduces the exciton binding energy significantly, bringing calculated values in closer
agreement with experiment.

Particularly for halide perovskites, our calculations reconcile prior reports, and clearly
establish the importance of phonon screening effects for excitons in halide perovskites, in
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0.1

Figure 5.6: Color map of AEg/Ep, calculated using Eq. as a function of €y/e4 and
Ep/wro. The isoline values are marked at the upper and rightmost edge of the plot. The
color of each circle corresponds to the ratio (Ep — E5")/Ep, as read on the color map.

agreement with Ref. [147]. However, corrections due to phonon screening do not fully account
for the discrepancy between calculated and measured exciton binding energies. Consider-
ing the systematic overestimation of exciton binding energies for all systems beyond halide
perovskites, we expect that the net contribution of polaronic mass enhancement and
interference effects will further reduce the exciton binding energies and improve the
agreement with experiment, as proposed by Ref. for MgO and several other semi-
conductors. However, GoWy-BSE calculations of halide perovskites are known to exhibit a
strong dependence to the mean-field starting point , and the electron-phonon matrix
elements, computed starting from the standard Kohn-Sham eigensystem may underestimate
couplings obtained from higher level theory . Therefore, a detailed benchmarking
of these effects is required, in addition to simply including polaronic effects. While we reserve
this detailed analysis to future studies, we emphasize that the relative phonon screening cor-
rection derived in this study is robust, and the formalism introduced here is independent of
the choice of computational setup.

As a general trend, Figure highlights that the magnitude of the phonon screening cor-
rection increases as the ratio Ep/wro decreases, and in systems with a large static dielectric
constant. Further, all parameters appearing in Eq. and depicted in Figure [5.6| can be
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readily computed or measured experimentally so that this simplified picture can be used in
both theoretical and experimental contexts to directly assess the expected phonon screen-
ing correction to the bare exciton binding energy, and identify systems for which phonon
screening is expected to be significant.

5.7 Polaronic Effects

Up to this point we have neglected the renormalization of the underlying electronic states
which compose the exciton. However, the analysis of Sec. suggests that, from a theoretical
standpoint, this renormalization should be included. To qualitatively appreciate the effect
of naively including polaronic effects, we assume both the electron and hole couple with
the same strength, «, to an LO phonon. In the weak coupling limit, the exciton binding
energy is enhanced to Ep — Ep/(1 — «/6) which follows immediately from the Eq. [5.13
and the linear dependence of Ep on the reduced effective mass. In all model expressions
for renormalization of the binding energy due to phonon effects, we find that the correction,
AFEpg, decreases (becomes less negative) with increasing Fg. Both these results will tend
to increase the exciton binding energy, undoing the effect of KP* and worsening agreement
with experiment.

That naive renormalization of the underlying electron and hole bands leads to worse
agreement with experiment has been pointed out before [132] and is linked to so-called
polaron interference effects. To illustrate the concept of polaron interference, in Fig. we
give a high level illustration of separating an exciton-polaron. When the electron and hole
polaron are far apart, the lattice can relax about the carriers without issue. We refer to the
ionic distortion which follows the electron (hole) as a polaron cloud. Now when the electron
and hole are nearby, their polaron clouds overlap and the ionic relaxation is reduced. We refer
to this overlap as polaron interference. Clearly the magnitude of the reorganization energy
associated with the exciton, A, is smaller than the sum of the reorganization energies of
an electron and hole which are well separated, A, + Ap.

To see the effect polaron interference has on the exciton binding energy, consider a system
with fundamental gap, £, and exciton energy {)g. Before phonon screening is taken into
account, the binding energy is given by Ep = E, — Qg (with this convention the binding
energy is positive). When the polaronic interference is taken into account both the energy
gap and exciton energy are reduced by A, + A\, and A respectively. So that the binding
energy is now Ep = (E; — (Ae + An)) — (25 — Axet). The change in the binding energy after
including polaronic interference is AEp = Azt — (Ae + An) < 0, where the last inequality
follows from the fact that (A + Ap) > At — i.e. the energy associated with the sum of
individual electron and hole relaxation exceeds the energy associated with relaxation about
entire exciton due to interference effects as discussed above.

The effect is difficult to capture with our formalism since ionic relaxation is typically
poorly described with perturbative methods. In our present formulation it is especially
difficult given we have only included the lowest order term in WP". In Sec. we saw that



CHAPTER 5. PHONON SCREENING OF EXCITONS IN SEMICONDUCTORS:

HALIDE PEROVSKITES AND BEYOND 71
Nearby electron-hole Well separated electron-
polaron hole polaron
I 0000000000000 2000000055000 200000000y,00
Poessesissess Ssoissacessss SSsssasstess  SSS3Silliies
20000 P00 OOS o000 20000000 oo XXX XX XX o
pees s .ooo-'gi.... pececse g, P0e0 00000000,
peee® pee e ® oo P00 00 0000g, 200000000000,

e ® ree ® 0 0000e,,, P00 00 000000e, P00 600000000
(a0 ® © 00000ge, )00 © 0 0g00000, 1080000000000
)je0 e © 0000000 g 100 ® 0ogo00eee 1990090000000
)oe e ¢ 00000000 90 ® eee00000q 1@ ® 8000000004
1353333000001 3% 8 Setesssst v s sesessssss
ee s teeeceet 10080 00cccees L2 2 0esencns

Figure 5.7: Depiction of the polaron cloud interference for nearby electron-, hole-polarons
(left most panel) and distant electron-, hole-polarons, (rightmost panel). Grey dots are the
pristine lattice while teal dots show how the lattice distorts in the presence of the electon
and hole.

this included the exchange of only a single phonon. By contrast, we expect that the polaron
interference effect we have just described would require multiple phonon propagators. It is
possible that higher order perturbation theory may be able to capture this effect and it will
be interesting to investigate this in the future.

5.8 Phonon Assisted Exciton Dissociation

In this work, we focused exclusively on the real part of the phonon kernel, Re[KP"], however
the imaginary component, Im[KP"), also contains valuable information. Specifically, the
imaginary part is related to rate of phonon assisted exciton dissociation into free electron-
hole pairs, namely

Im[Kgg(Qs)] =T Z ACSJk+ngC/V(k7 q)gvv’l/<k7 q)Agv’k

cc/vv'kq

(5.36)
. {5(95 (B — Buera) — ) + 0 — (Buacrq — Fune) — )

To understand Eq. [5.36 we start with the delta functions. The delta functions enforce the
energy /momentum conservation laws
QS — Wqv = (Ec’k+q - Evk)
QS — Wqrv = (Eck - Ev’kJrq)-

The energy conservation here is for a process where an initial exciton with energy g emits
a phonon with energy with energy wq, and scatters a free electron hole pair with energy

(5.37)
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(Eekt+q — Evk) or (Eex — Eykiq). That there are two energy conditions reflects the fact that
the phonon momentum can be imparted either to the electron or hole and we must weigh
both processes equally when computing the dissociation rate.

For direct gap materials we expect the energy condition given in Eq. is never met
for bound excitons because Q0g¢ < E, where Ej is the fundamental gap. By contrast for the
indirect gap materials, for instance silicon, where the band gap is 3eV and the indirect gap 1.1
eV, we expect there should be some phase space for this scattering event to occur. If Eq.
is generalized to include finite temperatures, we expect additional delta functions which allow
for processes where a bound exciton absorbs a phonon and scatters to a free electron-hole
state. The result can also be derived directly from Rayleigh-Schrodinger perturbation theory.

It would be of significant interest to derive an analytic approximation to Eq. in the
spirit of those derived at the single electron and hole level in Sec. [5.3]

5.9 Screening of Excitons Due to Carrier Plasmon

The framework outlined here for including dynamical sources of screening beyond the usual
electronic contribution is of general nature and can be easily adapted to include other sources
of dynamical screening. An important example is screening due to carrier plasmons in doped
semiconductors. Briefly, in much the same way that polar phonons contribute to the total
screened Coulomb interaction, we expect carrier plasmons will also provide a contribution
to the dielectric function, namely

pyasmon (¢ ) — [(L _ l) wp(@) ]Uc(q), (5.38)

€ €0 ) wW? —w(q) +in

where wg(q) is the carrier plasmon frequency, proportional to the doping density, n. Indeed
such a framework was previously explored in [173]. In work to be published we consider
the effect doping has on exciton properties in monolayer TMDs specifically MoTe, explicitly

adapting Eq. to include local field effects.

5.10 Conclusion

In summary, we generalized the ab initio Bethe-Salpeter equation approach to include both
electronic and phonon contributions to the screened Coulomb interaction, W, and studied
phonon screening effects on the electron-hole interactions in halide perovskites and other
important semiconductors. We showed that ab initio BSE calculations including phonon
screening can reduce the exciton binding energy of lead-halide perovskites significantly as
compared to electronic screening alone, reconciling two previous contradictory hypotheses on
the importance of phonon screening in metal-halide perovskites. We rationalized our results
by generalizing the Wannier-Mott model for excitons in a phonon-screened environment.
Within this model, we showed that phonon screening is important for other semiconductors,
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and can be traced back to four material specific parameters, u, wro, €5 and 9. We derived
a simple expression providing intuition for the importance of lattice vibrations on the exci-
tonic properties of materials and outlined a general, simple, and quantitative approach to
estimate the exciton binding energy correction using physical quantities that can be readily
calculated theoretically or measured experimentally. By introducing a general framework to
quantitatively account for phonon screening in ab initio BSE calculations, our study clarifies
the importance of phonon screening corrections, and provides a necessary foundation for
future treatment of polarons and higher order processes beyond two particle excitations for
these and other complex materials.
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Chapter 6

Exciton-Phonon Dephasing and
Linewidth From First-Principles in
Monolayer MoS2

This chapter is adapted from work done in collaboration with lead author Yang-Hao Chan,
as well as Mit Naik, Diana Qiu, and Felipe da Jornada. At the time of writing this work is
not yet in print.

6.1 Introduction

In low-dimensional or nanostructured semiconductors, the low-energy excitations are dom-
inated by strongly bound correlated electron-hole pairs known as excitons. Understanding
exciton energetics and dynamics is essential for diverse applications across optoelectronics,
quantum information and sensing, as well as energy harvesting and conversion. By now, it
is well-established that these large excitonic effects are a combined consequence of quantum
confinement and reduced screening in low dimensions [136, 174-176]. However, many chal-
lenges remain in understanding the dynamics of these excitons, especially when it comes to
correlating complex experimental signatures with underlying dynamical processes through
the use of quantitatively predictive ab initio theories.

Exciton-phonon interactions play a key role in determining exciton nonradiative dy-
namics, decoherence times, temperature-dependent behavior, linewidths, and diffusion. Ex-
perimentally, exciton-phonon interaction can be probed by various spectroscopic methods
including absorption, photoluminescence, and four-wave mixing measurements. For exam-
ple, the exciton-phonon coupling strength has been inferred for various transition metal
dichalogenides (TMDs), such as WSes and MoSs, based on the spectroscopic linewidth or
the evolution of exciton spectral intensity in pump-probe setups. However, the reported
lifetimes vary by an order of magnitude |177H179] as a consequence of variations in substrate
and sample preparations, highlighting the need for accurate first principles theories.
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On the theoretical side, ab initio methods for determining electron-phonon interactions
using density-functional perturbation theory (DFPT) are by now well-established 27, (180].
In the limit where the exciton binding energy is small, one can approximate the exciton-
phonon renormalization of the exciton energy and linewidth in terms of the electron-phonon
renormalization for the constituent electrons and holes of each exciton state [181], and it has
been demonstrated that such a simplified approach is nonetheless essential for reproducing
the experimental line-shape in optical spectra of monolayer MoSs [136] 182]. At a higher
level of theory, one can also derive the exciton-phonon coupling matrix elements and the
self-energy within many-body perturbation theory [19, [24} |75 183-187], and the diagonal
part of the exciton-phonon self-energy has been recently applied to study exciton-phonon
interactions in bulk hexagonal boron nitride |75, |188]. However, model calculations based on
the semiconductor Bloch equations suggest that off-diagonal contributions to the electron-
phonon self-energy, which have thus far been overlooked in ab initio calculations, may play
an important role in the exciton linewidth [189-192]. The full phase space of ab initio cal-
culations of exciton-phonon interactions in low-dimensional materials, where exciton effects
are strongest, has also not yet been explored, with extant studies limited to either frozen
phonons [193] or I-point only [194].

6.2 Exciton Dispersion and Relaxation in MoS,

Motivated by the great interest in exciton dynamics and the lack of a predictive ab initio
theory, we develop an ab initio theory to study exciton-phonon coupling and apply it to
compute both exciton relaxation and the lineshape of the absorption spectrum in monolayer
MoSs, a prototypical quasi two-dimensional (quasi-2D) material. Using a fully relativistic
formalism, we reveal that the relaxation time of the lowest-energy bright A exciton due to
exciton-phonon interactions is longer than that of the lower-energy spin forbidden states.
This counterintuitive result arises as a consequence of the selection rules of the exciton-
phonon coupling, which do not allow for direct intervalley scattering from the A state. We
show that phonon-mediated intervalley exciton scattering must be facilitated through other
valleys in the conduction band |195] 196]. Additionally, we find that the absorption spectrum
of the A exciton features an asymmetric lineshape due to interference effects from transitions
between distinct exciton bands, which cannot be understood in the context of previous ab
initio theories. The computed linewidth and energy shift in the absorption spectrum with
interference effects are in excellent agreement with experimental results.

Computational details for our calculation are given below. DFT calculations are per-
formed with the Quantum Espresso [86] package. We use PBE pseudopotentials [87] from
the SG15 ONCV potentials database [88, |197]. For the ground state calculation, we use a
k-mesh of 12x12 x 1 and a plane wave energy cutoff of 80 Ry. A vacuum of 15 A is chosen
to prevent spurious interactions between periodic images. The GW-BSE calculation is done
in the BerkeleyGW package [11-13]. A k-point grid of 24 x 24 x 1 with a subsampling of 10
points in the mini-Brillouin zone [198] and dielectric energy cutoff 10 Ry and 5000 bands are
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Figure 6.1: (a) Exciton dispersion of monolayer MoS, including both spin-allowed and spin-
forbidden states. Color indicates the relaxation time due to exciton-phonon coupling at
300K. Dots with arrows indicate the internal spin structure of excitons at valleys. (b)
Electron band dispersion with a color map of spin expectation values. Energy transition
corresponding to excitons with center of mass momentum Q =1, Q = K, and Q = M
are shown with the labeled arrows. The other Q = M excitons with the transition from K’
valley valence electron to A, conduction electron is not shown.

used in GW calculation. The frequency-dependence of the dielectric screening is computed
using the Hybertsen-Louie generalized plasmon pole model . The direct band gap in our
DFT calculation is 1.77 eV and the GW corrected direct band gap is 2.27 eV. BSE with
finite exciton COM Q are solved on a uniform 48 x 48 grid including 4 conduction and 4
valence bands.

Phonon calculations are performed with the density functional perturbation theory method
(DFPT) implemented in the Quantum Espresso package. We solve phonon and perturbed
self-consistent potential on a uniform 48 x 48 q-grid. Electron-phonon coupling matrix ele-
ments are then computed with EPW package ,
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We first analyze the exciton dispersion of MoS, by solving the Bethe-Salpeter equation for
excitons with finite center-of-mass (COM) momentum Q. Fig. (a) shows the dispersion
along a high symmetry path. The lowest energy exciton states at I' are doubly degenerate
spin-forbidden (S*™* = 1) dark excitons. We use the total spin S*™* to label exciton states,
which is approximately a good quantum number in the K valleys even in the presence of
SOC. Two bright exciton states, corresponding to the ‘A’ peak, are about 20 meV higher in
energy. These bright exciton bands are doubly degenerate at I', with one band dispersing
linearly and one band dispersing parabolically, consistent with previous calculations [55]
74]. The lowest-energy exciton with Q = K consists of electrons and holes from the K
and K’ valleys, respectively, (Fig. (b)) and is a spin-forbidden state. In contrast, the
second-lowest Q = K exciton is a spin-allowed (S*™' = 0) state. The lowest energy Q = M
exciton also consists of a spin-forbidden state — composed of a hole in the K’ valley and an
electron in the conduction band valley along the A high-symmetry line (i.e., the A, valley)
—, while the second lowest-energy exciton is a spin-allowed state. This well-defined internal
spin-texture of the excitons, leads to strict selection rules for exciton-phonon coupling that
significantly extend the lifetime of the spin-allowed states, as we discuss later.

Exciton-phonon coupling matrix elements can be written as a superposition of electron-
phonon coupling matrix elements weighted by the exciton envelope function as derived in
previous works [19, 24, [75]. The lowest-order exciton-phonon self-energy expression derived
from many-body perturbation theory is similar to the Fan-Migdal term in the electron-
phonon self-energy and reads

1 ’GS’SV(Qaq)P(NVq—i_%i%)

ES W) = — ;
Q( ) Nq S amt W — ES’Q+q + Wyq +1n

(6.1)

where Egq4q is the exciton energy of a state with principle quantum number S" and a COM
momentum Q + q; w,q and N,q are the phonon frequency and Bose-Einstein occupation
factor with v labeling the branch index and q the crystal momentum; N is the number of
the wavevectors sampled in the Brillouin zone; and finally, G5, (Q, q) is the exciton-phonon
coupling matrix element encoding the probability amplitude for an exciton initially in state
(S, Q) to scatter to state (S’, Q+q) through the emission or absorption of a phonon (v, £q).
The real part of Eq. determines exciton energy renormalization while the imaginary part
is proportional to the phonon-limited relaxation time of excitons.

We show in Fig. 1 (a) the calculated exciton dispersion and a color map of the exciton-
phonon relaxation times in monolayer MoS, at 300K. In our calculation and consistent with
previous results [55], the lowest-energy exciton has a COM momentum Q = K while the
lowest exciton with momentum Q = I" is 1.7 meV higher in energy. Consequently, the lowest
energy Q = K exciton has a longer lifetime of about 100 fs, since the available phase space
for exciton-phonon scattering is limited at the band edge. However, to our surprise, the first
bright exciton, the zero-momentum A exciton, also has a long lifetime comparable with the
lowest Q = K exciton, while the lowest energy dark exciton at I' has a much shorter lifetime.
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Figure 6.2: Exciton-phonon coupling strength and phonon momentum g-resolved contribu-
tion to the total scattering rate for the lowest spin-forbidden (blue star and panel (a),(c),(e))
and spin-allowed exciton (red star and panel (b),(d),(f)) state with a center of mass momen-
tum Q = I'. The color map and symbol sizes in (a) and (b) indicate the coupling strength
from the starred state to other states summed over phonon modes. (c) and (d) are color
maps of coupling strength from the starred state to the lowest four states in the full BZ
summed over exciton states and phonon modes. (e) and (f) show the normalized contribu-
tion to the scattering rate of the starred state from different phonon momentum q. Arrows
in (a), (b), (c), and (d) highlight the region of large contribution to the scattering rate as
shown in (e) and (f). (a) and (b) show strong state-selective couplings due to spin structure
of the excitons.

This is counterintuitive as one would expect the available scattering phase space for the A
exciton to be larger than the lowest energy dark exciton with the same COM momentum.
To understand this result, we analyze momentum and state-resolved exciton-phonon
coupling in Fig. [6.2l In Fig. [6.2] (a) and (b) we show color maps of the absolute value of
exciton-phonon coupling strength from the lowest-energy Q = I' exciton (blue-starred) and
the A exciton (red-starred) to other states summed over all phonon modes. We observe that
both excitons are strongly coupled to Q = M excitons in the same bands while the coupling
strength is zero to excitons in other bands with a different internal spin structure, which is
well-defined for electronic states around M and K. For example, the A exciton does not
couple to the lowest two Q = M excitons and the lowest-energy Q = K exciton. This highly
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selective exciton-phonon coupling plays a crucial role in determining the relaxation time
of the A exciton. In Fig. (c) and (d) we show color maps of exciton-phonon coupling
from the starred states in Fig. (a) and (b) summed over phonon modes and the four
lowest final exciton states. These maps together with Fig. 2 (a) and (b) further demonstrate
that the strongest coupling is the intra-exciton band coupling between Q =T to Q = M.
However, since excitons of the same spin states around Q = M as the A exciton lay about
70 meV higher in energy, which is larger than the highest phonon energy (60 meV) in MoSs,
they are not able to contribute to the scattering rate. Furthermore, we find that the major
contributions come from low-energy LA and TA modes at 300 K. In contrast, the excitons
near the band edge with Q = M are energetically close to the lowest exciton state with
Q = T so the coupling between these two states dominate the contribution to the large
scattering rate seen in Fig. In Fig. (e) and (f) we show the phonon momentum q-
resolved contribution I'q to the total scattering rates of the starred states in Fig. (a) and
(b), respectively. We find that indeed for the blue-starred state phonon with momentum
close to M contribute most to the scattering rate while phonon with momentum near K
and I" both have smaller contribution. On the other hand the A exciton mostly scatters via
phonons with q ~ K while q ~ 0 and q ~ A,,;, also contribute. We note that the ring shape
seen in Fig. (e) and (f) is due to the mismatch in the velocity of exciton and phonon
bands near the band edge, which limits the scattering density of states.

6.3 Exciton Lineshapes Including Off-Diagonal
Exciton-Phonon Interactions

Experimentally, exciton-phonon interactions can be accessed by measuring the absorption
linewidth and its temperature dependence. The absorption spectrum including exciton-
phonon scatterings can be studied within the semiconductor Bloch equation [189; 190, [199,
200] or from the second order perturbation theory |183H185| [201]. A derivation connecting
the two approaches is given in Appendix[A.3] We summarize the equation of motion of the
exciton polarization,

dPS (t 1
;t( ) :E E}\ (Egoés)\ - ZS)\O(W = EAO)) P(i\
1
——¢E(t)-Q° 2
P CRLE o

where P§ = P3_y = Y.k P53 (el cac) is the exciton polarization with zero COM mo-
mentum, ¢35, is the exciton envelope function of a state S, and ¢} (cq) is the creation
(annihilation) operator for an valence electron v (a conduction electron ¢) with crystal mo-
mentum k. The second term in Eq. describes the coupling to an external field E(t)
within the dipole approximation where Q° is the exciton dipole operator. Finally for the
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self-energy operator, we employ a matrix generalization of Eq. [6.1]

1
ESA,O((U) - F ZG':,SZ/(O? q)GnAu(Ov q)
q

nrq
Nyg+i£1
X aty ™) — (6.3)
W_Enq:':qu_}_l/y

When the off-diagonal elements of Eq. are ignored, the computed spectrum is a super-
position of Lorentzian functions centered at exciton energies with linewidth equivalent to
the relaxation time computed by taking the imaginary part of Eq.[6.1] This approximation
(diagonal approximation) is widely used in the literature |19, 75| 188, 194]. The slope of the
temperature dependence of the linewidth is often taken as a measure of the exciton-phonon
coupling strength. In Fig. 6.5 (a) we plot the temperature dependence of the calculated
linewidth using a diagonal approximation as the dashed orange line. Within the diagonal
approximation, the linewidth is severely underestimated when compared with the experi-
ment from Ref. [178]. The computed linewidth at 300 K is less than 2 meV which is about
3 times smaller than the experimental value. On the other hand, when the linewidth is
evaluated at w = F), the full self-energy expression Eq. the results agree very well with
the experiment. Not only is the magnitude closer to experiment but the overall temperature
dependence also agrees. We emphasize that the same exciton-phonon matrix elements are
used in both calculations and only when using the full self-energy matrix are we able to
obtain good agreement with the experiment.

The importance of including these off-diagonal terms and their effects on the exciton
lineshape has been discussed at length by Toyozawa [184], Hopfield [183], and others over
50 years ago; however, with rare exceptions [202], such terms have not been included in
contemporary calculations and never before from first principles. To map to Toyozawa’s
formalism, we take the external filed to be monochromatic, E(t) = Ege™!, and Fourier
transform Eq. [6.2] solve for es(w) = P**(w)/eoE and explicitly rewrite the off-diagonal self-
energy in terms of the exciton-phonon coupling matrix elements with the aid of Eq. to
find

2
5( — Esa F wua), (6.4)

go(w) ~ NL Z 6. Z GSS/V(O,fl)QS,

q Sqv

= w— Eg
where € = Eq/|Ey| is the polarization unit vector and Fg = Eg + ReXg + il'g with ReXg
and I's = ImYg denoting the real and imaginary part of the diagonal exciton self-energy
defined in Eq. respectively. More explicit details connecting Eqs. and are given
in the Appendix for this chapter. An advantage of this expression over the semiconductor
Bloch expression is that it is readily interpreted as describing a two step process at second
order perturbation theory where a photon is absorbed and a phonon subsequently scatters
off the excitation. We depict this process in Fig. 6.3l Expanding the innermost sum on S’ in
Eq. and taking the square modulus, we can regroup the resulting terms based on whether
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Figure 6.3: Computing e9(w) with the off-diagonal exciton self-energy, gg(w) captures
the all the physics contained in a second order phonon-assisted absorption process, where
a photon is first absorbed creating a virtual exciton, S’ (red dots), which subsequently
scatters off a phonon to some final state SQ (blue dot), Expanding the innermost sum
and subsequently taking the square modulus, two types of terms arise, those diagonal in
S’ and those not cross-terms. The former gives rise to a symmetric Lorentzian line shape
and physically stems from photo-exciting to a finite lifetime quasiparticle band with finite
broadening. Cross-terms are frequently not included in ab initio calculations but can be
important and give rise to all the asymmetry seen in the total line shape.

they are diagonal or off-diagonal in the S’ index. Retaining only terms diagonal in S’ we
arrive at the so-called diagonal approximation for e9(w),

5. Gss,(0,q) Qg |?
w — ES’

. 1
g5 (W) ~
Nq

SS'qu

(S(UJ - ESq + qu)a

FS/
~ é . Q ’ 2 R
ZS’: | S | (w — ESI — RQES/)Q + F%«,

(6.5)

where we identify I's = Im¥Xggo with the diagonal part of the self-energy defined in Eq. [6.1]
We see in this diagonal limit we recover the familiar Lorentzian lineshape with a full width
at half maximum given by the imaginary part of the diagonal exciton self-energy. This
symmetric lineshape is a familiar spectroscopic signature stemming from the process of photo-
exciting to a transient excitonic state with some finite lifetime. Cross-terms neglected in
passing from Eq. to Eq. are in some cases very important and give rise to asymmetric
contributions to the exciton lineshape as we show below. To summarize the above discussion,
in Fig. [6.3| we give a pictorial representation of the relation between the full and diagonal
approximations for e;(w).

In Fig. |6.4] (a) we show the absorption spectrum computed from Eq. at different
temperature. At 10 K the A exciton absorption line shows a sharp peak while the B exciton
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Figure 6.4: (a) Absorption spectrum of in-plane polarized light at various temperature show
the asymmetric lineshape. (b) Asymmetry in the A exciton peak in (a) is quantified by
subtracting a Lorentzian fit with the computed broadening. The inset in (b) shows the full
calculation (blue line), the Lorentzian fit (green dashed line), and the difference (red dashed
line).

peak has a larger linewidth, which is similar to the relaxation time comparison shown in
Fig. 1. As temperature increases, all peak shift to the low energy side and the spectrum
is considerably broadened. We discover that the off-diagonal formula further modify the
lineshape considerably. As can be seen in Fig. [6.4] (a) the absorption lines are asymmetric,
which is different from a symmetric Lorentzian function usually adopted to describe the
experiment data. Hence, the asymmetry in Fig.|6.4] (a) is due to the off-diagonal formula we
used. To further quantify the asymmetry we plot in Fig. [6.4] (b) the change in the absorption
by subtracting the Lorentzian function computed in the diagonal formula. The asymmetry
in lineshape is most pronounced at low temperature and features a larger intensity at higher
energy side. It is suppressed at higher temperature but the deviation from a symmetric
Lorentizian function remains visible. However, the excited exciton lines are also broadened
at higher temperature, which makes it difficult to isolate the asymmetry due to exciton-
phonon couplings. It would be interesting to carefully analyze the experiment lineshape for
different materials as a further check for the off-diagonal formula.

In Fig. 6.5 (b) we further show the temperature dependence of the shift of the A ex-
citon peak, which represents the renormalization of exciton energy due to exciton-phonon
couplings. Again we find surprisingly good agreement between the calculation and the ex-
tracted experimental values. The computed energy shift is around 60 meV at 300 K, which
is comparable to the band gap renormalization due to electron-phonon couplings [182]. How-
ever, when the effects from lattice expansion [203] are included the results deviate from the
experiments as shown by the blue line. We expect that the Debye-Waller term which is not
considered in this work could partially compensate the lattice thermal expansion [204] effect.
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Figure 6.5: ((a) Temperature dependence of the linewidth computed with off-diagonal (blue
line) and diagonal only (red dashed line) formula together with the experiment results from
Ref. [178]. The computed results are shifted by the experiment low temperature value. (b)
Shift of the absorption peak as a function of temperature (blue line) compared with the
same experiment results in (a). Energy shift due to lattice thermal expansion (TE) effects
are included and shown in the orange line.

6.4 Conclusion

In conclusion, our first-principle calculation of the exciton-phonon coupling strength in a
monolayer MoS, shows highly selective nature of exciton-phonon couplings due to the internal
spin structure of excitons. In particular, we have shown the A exciton has surprisingly long
life time about 100 fs at 300 K, which is longer than the first () = 0 dark exciton state at the
band edge. Although it has strong couplings with excitons around M in the same band the
large difference in energy limits the available scattering phase space. Hence the dominant
contribution comes from the relatively weak couplings from K excitons. Moreover, we show
that absorption linewidth and peak energy shift computed with the full exciton self-energy
matrix agrees much better with the experimental data, which emphasize the importance of
the interference effects between inter-exciton band transitions. The theory also leads to an
asymmetric lineshape when inter-exciton couplings are strong, an interesting feature worth
of further investigation in experiment.
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Appendix A

Definitions and Deviations

A.1 Wannier Exciton Overlaps and Projection
Matrices

In the electron, r., and hole, r;, coordinates, the exciton wavefunction, ¥gq (R, ) is expressed
as

Usq(re,rn) ZAcvk Vacrq/2(re) Ve qua(rn)-

cvk

Introducing average and relative coordinates,
=R+r/2
r,=R-—r/2
wehave
VR, 1) = ORI AL M (R4 1/2)u g (R~ 1/2)
cvk
The cell-periodic part of the exciton wavefunction, Fsq(R,r) is readily read off as

FsqR,r) =) AsRe™ uaciqp® +1/2)uj_qpR —1/2). (A.1)

cvk

To run Wannier90, we must provide the code with overlaps between cell-periodic parts
of the exciton wavefunction at neighboring Q-pts which we denote

Mss(Q,B) = (Fsq|Fsiq:B)

MSS’(Q7 B) = Z [AS;/ /k’]*AcSv?<+B

cvk
cv'k’

{/ ldl‘e il —k) re u’k’+Q/2(re)uck+Q/2+B/2(re>} {/ 1drhei(klik).rhuv’k’—Qﬂ(rh)u:k,Q/ng/Q(rh)
xta xta
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The integral over r. and r;, give delta functions in k and k’ so that

s SQ+B
Mss(Q,B) = Z [AS A AT (uoner qpoltiarqoy2) (Wuk—q2—B/2|twk—qy2)

cc’vv'k

To run Wannier90 we also need to make some initial guess for the localized Wannier
orbitals, which we denote H;(R,r), and project this guess onto unperturbed Bloch exciton
orbital Usq(R,r), we denote this projection

Ass(Q) = (YsqlH,) -
Our initial guess, H;(R,r), is related to its Fourier transform, Hk‘]Q, through
HJ(R, I‘) _ ZHiQeik'reiQ‘R.
kQ

The same function can be re-expressed in the electron and hole coordinate H,(r,,ry) takes
the form

HJ(I.67 rh) = Z H]{Qei(k"rQ/Q)'ree—i(k_Q/Q).rh .
kQ

Using these definitions

Ass(Q) = Y [T HY Wacrqpelk +Q/2) (K = Q'/21¢uciqy2)

cvkk/Q’
S JQ’
= > ST HLY > cheiqp(Go)cuq2(Gh) diiqaic. iz S-q/aran -2,
cvkk’'Q’ GGy

where (1) = Y g ek (G)e'* 9T with G denoting a reciprocal lattice vector. The delta
functions enforce the condition

k' =k + G,
Ql = Q + Grel

where G = (Ge + Gp)/2 and G, = G, — Gy. Our final expression is then

<\IJSQ|HJ> = Z[Afv?{]* Z de&s;elC:k—&-Q/Q(Gave + Grel/2)cvk—Q/2(GaUe - Grel/2)’

cvk GaveGre
(A.2)

Up to this point, everything have been general, now we assume that H’(R,r) is separable
in average and relative coordinates so that H/(R,r) can be written in the form

H'(R,r) = f"(R)g”(r),
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where J is understood to be a composite index which uniquely identifies each j;, jo pair,
symbolically J = (j1,j2). It follows immediately

JQ+GIel — J2
Hk+Ga1;e fQ+Grel gk+Gave ’

where
fli = /fj(r)eik'rdgr.
In this work we take f7(r) to be hydrogenic in form

i) =

efr/a’

as discussed in the main text.

A.2 Multiband Lang-Firsov Polaron Transformation

To derive the explicit form of HP° it is sufficient to consider how each operator in H"W
transforms under the similarity transform introduced in Eq. We find

Sl pe ™S = rbl n
Sty =y = Y el 09) a9
where T 1 e iaRGW (0 q)
GR—eXP{—EZ LZ;TV ) } (Ad)

vq
After these transformations the polaron Hamiltonian reads

W' = " V(R = R)ef gear 6], g

nmRR/
zq Rgﬂ‘{[{my 07 —iq- Rgnvl/mz/ 0,
+ Z qu (bj‘ll/ - Z CII‘LRCmR w ( q>> <bq1/ - Z CinR,CmR o ( q))
Qv R Qv
+ Z st RgmnV R - R/ q) RCnR’e rROnR/
mnRR/quv
e RG . (0,q)
<bT_qV +hay =2 Z CJL”RCmR Wav 7
mR
(A.5)
where
1 ; ' Innv 0 - Immv 0, —iq-(R—R/)
6! Or = exp {F Y R G (0. 9) = G (0, G)e (bg — b )| (A6)
q Waqv

qv
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When only local exciton-phonon coupling terms are retained, a cancellation occurs and HP°'
reduces to

HPOI = Z an(R — R,)dIannR’ + Z qubj;lybqy - Z AdejanmRv (A7)

nmRR/ qv mR

where dinR =0,r = HInRCinR'

A.3 Connection Between the Semiconductor Bloch
Equations and Analytic Expressions for the
Exciton Lineshape

The absorption spectrum can be calculated from the time-propagation results of the Q =0
exciton polarizaiton under a delta function pulse. We introduce the light-exciton coupling
term in the exciton basis,

Hy(t) = —B(t) - (QSPOST + QS*POS) , (A.8)

where Q° = Y ek deoi?V3% is the optical transition operator in the exciton basis with the
optical transition matrix element d., in the Kohn-Sham basis. The full equation of motion
with the off-diagonal self-energy is written as

ors 1

. 1
ot ih (Bso — iy + Esn0) Py + —-eE(t) - ©°. (A.9)

ih

where summation over the A index is understood. Diagonalizing the following Hamiltonian:
Hgsr = Esodss + Yssr (A.10)

we obtain renormalized eigenvectors and rotation matrices 7', we can use the later to rotate
the semiconductor Bloch equations into the exciton-phonon basis to find:

oPy 1

ot ih

Fourier transforming and solving for P (w):

. . . 1 -
(ESO + irgo) P§ + —eB(t) - 0.

PS(w) = V5 . (A.11)

<hw — Fgo— z’fs())
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The total polarization is computed by
Ptot( ) _ Z (QS*PS( ) QSPS*((,U))
S'x S S PDSx
—e Z (Q PS(w) + Q5 P5*(w ))
Plugging in, we find:

Po(w)  me? :

éa(w) = Im

m Z (Q*T)sz_lQ)s] (A12)

el B he() hw — Eq—1il'g
fs _ w = ES
Re[(0*T)s(T ™' _ — + Im[(Q*T) (T _ _
heo Z o B e PO ST T
(A.13)

A result previously derived by Toyozawa, which clearly shows the symmetric and asymmetric
contributions to the exciton absorption. We have numerically verified that e;(w) computed
with this expression and via propagation of the semiconductor Bloch equations, gives the
same result. Finally to connect with Eqn. 4 of the main text we note that the rotation
matrices T' can be used to rotate the energy denominator appearing above back to the
exciton basis, explicitly:

1 1

QT —— (T7'W)s =) O Qv
g( )Shw—Es —ZTS( S ; W—E,\(SA)\/ ReX + eI

Taking this as our staring point we find:

1
0 Qy
Z w — E)ﬁ,\)\/ RGZ)\)\/ + ’LF)\)\/ ]

AN

1 1
~7re Yoo Ty Oy
heg ~ w—FE, —ReXy — Iy w — FEy — ReXy + Iy

oy
 heoN,
hEg q Svq

where in going from line 1 to 2, we have dropped off-diagonal terms in the denominator
(while retaining them in the numerator). In the last step we used the definition of I'yy:

2
0w — Esq F wyyq)

Z G (0, q)€2
OJ—E)\— RGZ)\ —ir)\

A

1 1
Lo =— Z Gn)\u O q n)\’v(oa q) (5 + 5 + Nl/q) (S(UJ - Enq + hqu)

9 ny,q
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no approximation is made in this step. As emphasized above, this term can be conveniently
interpreted with second order perturbation theory. In the diagonal approximation we con-
sider terms with A = A" and obtain,

1 1
dlag ~ Q* 1—\ Q
(W) heo Z Ao — By —Rexy — il M w — By — ReXy + ily

G (0, q)2y
hEON ZZ

w — E)\ — RGZA —ZF/\
Equivalently, we can plug T = I, Eg = Eg, I's = I's into the Eq. and get the usual
Lorentzian spectrum

2
d(w — Esq F wyq)-

2
dlag ~ e 0 2 FS
)~ g 2100

Comparing the diagonal approximation with the full expression, we can see the difference
from the interference effects due to the cross terms discussed above text.
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