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Abstract

Manipulating Materials: Electronic and Topological Properties of Chemically and
Structurally Complex Materials

by

Stephanie Alexandra Mack

Doctor of Philosophy in Physics

University of California, Berkeley

Professor Jeffrey B. Neaton, Chair

Electronic structure theory enables fundamental understanding of material properties. Using
first-principles based methods, several different classes of complex materials are studied
including perovskite oxide heterostructures, halide perovskites, alkali metals under pressure,
and high-throughput screening of multiferroic materials.

• In Chapter 2 we discuss the basis of electronic structure methods used in this thesis
and introduce the calculation of topological properties from first-principles.

• In Chapter 3 the properties of lithium, an ostensibly simple metal, under pressure are
introduced and our explorations into the emergence of nontrivial topological features
at high pressures are shown.

• Halide perovskites have emerged as a promising material class for solar energy con-
version due to their optoelectronic properties. We explore three different halide per-
ovskite materials and, in collaboration with experiment, develop an understanding of
how their properties change through chemical substitutions and structural manipula-
tions. This includes the optoelectronic properties of Sn–alloyed Cs2AgBiBr6 (Chapter
4) and Cs8Au4XCl23 (X = In; Bi) (Chapter 6); and the increase in conductivity of
(EA)2CuBr4 through pressure (Chapter 5).

• Similarly, perovskite oxides are a highly tunable class of materials which display a
wide range of interesting phenomena. Here we exploit the fact that experimentalists
can control the synthesis of perovskite oxide heterostructures at the precision of single
atomic layers. Given this level of control, we use first-principles calculations to de-
sign monolayers and bilayers that would tune the work function of bulk SrRuO3 for
thermionic applications in Chapter 7
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• In Chapter 8, we discuss our work developing a high throughput workflow based on
symmetry and first-principles calculations to screen tens of thousands of materials for
candidates which are both magnetic and ferroelectric.

• Finally, Chapter 9 presents an overview of the work.
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Chapter 1

Introduction

“This might be a fool’s
errand...so Stephanie maybe
you could try this”

March 24, 2017

The contents of this dissertation use the DFT formalism (as introduced in Chapter 2) to
predict novel electronic and topological band structure properties of materials with clear
consequences for experimental observables. Modern, advanced electronic structure methods
are used to study the band structure – symmetry, topology, and its consequence for optoelec-
tronic properties – of chemically and structurally complex materials away from their bulk
ground states. This includes manipulating variables such as pressure and strain at interfaces,
and chemically with dopants and defects. We provide an overview of density functional the-
ory, which is the starting point for all our calculations; Berry phases and their manifestations
in material properties through the modern theory of polarization and topological properties;
and codes that can be used to automate high-throughput calculations.

The advent of these modern computational techniques and databases provide a unique
opportunity to both discover and design novel material functionality. Since DFT essentially
only requires knowledge of the chemical composition of a material and an initial guess at the
atomic positions, it is highly flexible and can be used to calculate many different properties.
The structure at a given pressure and temperature determines the other properties of a
material [1]. The accuracy of first-principles based DFT calculations will certainly depend
on the level of theory used in those calculations (such as the inclusion of relativistic effects,
magnetism, and precision of structural relaxations if there are competing structural phases).
Furthermore, not all properties are straightforwardly extracted from the output of these
calculations and, depending on the properties one wants to compute, extensions beyond
standard DFT are necessary.

Macroscopic phenomena of materials often requires atomic scale understanding of the
electronic interactions. Recently, it has come to light that beyond the symmetry of the
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material, certain phenomena can only be explained with knowledge of the topology of the
system as well – these effects include the quantum spin hall effect where there is a quantiza-
tion of the electronic energy levels and the linear dispersion of graphene and the Dirac-like
behavior of the electrons. Topological classification provides an exciting new approach to
understand novel properties of materials and another axis of tunability for desired proper-
ties. Furthermore, the recent advances made so that one can calculate topological invariants
from first-principles allow us to make specific predictions of materials which can host these
nontrivial topological properties.

Topological electronic materials exhibit unique properties that arise due to the interplay
of symmetry and topology in a crystalline material. Materials which possess the same sym-
metries can have different topological classifications which results in observable consequences.
For instance, at the interface of a topological insulator and vacuum (or a ‘normal’ (topolog-
ically trivial) insulator) there are metallic surface states which necessarily arise due to the
interface between two topologically distinct materials. They are characterized by topologi-
cal invariants, which define to which class of topological materials they belong; furthermore,
there are different topological invariants for different classes of topological materials.

In Chapter 3 the properties of lithium, an ostensibly simple metal, under pressure are
introduced and our explorations into the emergence of nontrivial topological features at high
pressures are shown. Predicting the structure of materials is a difficult challenge because
of the sheer size of phase space of all possible configurations for a material. Fortunately,
huge advances have been made to make this a more tractable problem and other work
has developed techniques to accurately predict the structural evolution of elemental lithium
throughout a large pressure range up to 500 GPa [2, 3].

In Chapters 4, 5, and 6 we explore three different halide perovskite materials and, in
collaboration with experiment, develop an understanding of how their properties change
through chemical substitutions and structural manipulations. This includes the optoelec-
tronic properties of Cs2AgBiBr6 and Cs8Au4XCl23 (X = In; Bi); and the conductivity of
(EA)2CuBr4 through pressure. Perovskite structures ABX3 can host myriad phenomena
depending on the transition metals on the A and B sites. Halide perovskites, (where X
= F, Cl, Br, I), are a particularly exciting field of research for optoelectronic applications.
Beyond the typical plethora of inorganic substitution options for the A and B sites, interest-
ingly the structure can also have small organic molecules on the A site known as a hybrid
organic-inorganic perovskite, or a hybrid-halide perovskite, as depicted in Figure 1.1. One
such material of great interest is MAPbI3 (MA = methyl ammonium) which was shown to
have a nearly ideal band gap for solar applications. Furthermore, the efficiency of halide
perovskite based devices have reached the same level as silicon in only just over a decade
of research. The Pb cation in (MA)PbI3 is of concern, since it can decompose into water
soluble lead salts, which is not ideal for applications, but is highly suggestive that derivatives
of this structure would be similarly promising. For solar applications a band gap around 1.4
eV is ideal, however finding a material with a gap of 1.6 eV would still be very impactful in
improving solar capture efficiency [4].

There has been much research in substituting both the A and B sites in halide perovskites.
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Figure 1.1: Here we show two examples of halide perovskites of the form ABX3 where X is
a halide (such as Cl, Br, or I). In panel a) we are showing an example of a halide perovskite
with an organic cation on the A–site, whereas in panel b) this can be replaced by an
inorganic cation such as Cs which has a similar size to the methylammonium molecule.
This enables even more diverse substitutional options in this class of materials.

Replacing the Pb, nominally in a 2+ oxidation state, which is on the B-site, is of high priority,
and both isovalent and heterovalent direct substitutions have been extensively explored.
Another recent approach is to double the unit cell, A2BB′X6, so as to have two different
cations replace Pb, and one such example Cs2AgBiBr6 was recently synthesized [5, 6, 7]
and shown to have improved stability in air and water as compared to MAPbI3. However,
it has an indirect band gap of over 1.8 eV which is too large to be an improvement over
other halide perovskites for solar applications. Therefore, we seek to further alloy the system
to design a material with a smaller, direct band gap inspired by prior work looking at Tl
as a substitute [8]. In this work we examine Sn as a heterovalent substitute in the double
perovskite Cs2AgBiBr6 as elucidated further in Chapter 4 in collaboration with experiment
[9].

As for the A-site, larger organic molecule can be incorporated on it in which case the
layered perovskite compound can be considered as a quasi-2D material, since the organic
linker molecules physically separate the 2D layers of inorganic octahedra. The organic linkers
can have significant impact on the connectivity and structural distortions of the inorganic
2D layers, therefore greatly affecting their macroscopic properties. Beyond optoelectronic
properties, prior work has shown that with an applied pressure of 51 GPa (EDBE)CuCl4
(EDBE = 2,2-(ethylenedioxy)bis(ethylammonium)) shows orders of magnitude increase in
its conductivity. Here we study a similar compound, (EA)2CuBr4, where the Cl has been
replaced by Br and similar organic molecules are on the A sites, which experimentally was
shown to exhibit and order of magnitude higher conuctivity with only 2.6 GPa of pressure
than the CuCl4 material, as expanded in Chapter 5.
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There is a truly astonishing number of halide perovskites and as synthesis yields more in-
teresting structures, one difficulty is deciding what is still considered a ‘perovskite’ structure
as well as the dimensionality, i.e. at which point the material is described as quasi-2D versus
3D; these points are still under debate in the literature (and social media [10]). As such,
we adopt a fairly loose definition of the perovskite structure, but generally consider it to be
perovskite so long as there are corner sharing BX6 octahedra. The third halide perovskite
system studied also demonstrates the flexibility of chemical substitutions possible within the
perovskite framework in Chapter 6. In all three systems, first-principles calculations allow
us to better understand the effect of chemical and structural motifs on their optoelectronic
and transport properties in collaboration with experimental results.

Similarly, perovskite oxides are a highly tunable class of materials which display a wide
range of interesting phenomena. Here we exploit the fact that experimentalists can control
the synthesis of perovskite oxide heterostructures at the precision of single atomic layers.
Given this level of control, we use first-principles calculations to design monolayers and
bilayers that would tune the work function of bulk SrRuO3 for thermionic applications in
Chapter 7.

Another property which perovskite oxides can have is ferroelectricity, in which it is a po-
lar material with a switchable polarization. Materials which simulatneously display for than
one ferroic ordering – ferroelectricity, ferromagnetism, or ferroelasticity – are termed multi-
ferroics. Expanding the catalogue of multiferroics has thus far mostly relied on finely tuning
complex perovskite oxides through strain engineering and chemical substitution. While this
has been a successful strategy yielding over a dozen new bulk perovskite oxide multiferroics,
few new classes of multiferroics have been discovered as typical strategies rely on knowledge
of structural motifs of known multiferroics. Prior work [11] has developed a high-throughput
workflow to screen the Materials Project database for ferroelectrics based on space group
symmetry requirements and ab initio calculations. In Chapter 8, we discuss our work de-
veloping a high throughput workflow based on symmetry and first-principles calculations to
a materials database for candidate polar insulating materials which are both magnetic and
ferroelectric.
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Chapter 2

Methods

“We’re after the truth, or whatever”

October 20, 2017

This thesis uses density functional theory (DFT), and associated methods. In what follows,
I will briefly review DFT and aspects of modern practical implementations of DFT used
in this thesis for understanding and predicting phase behavior and electronic structure of
complex materials.

Density Functional Theory

The focus of this dissertation is condensed matter physics and the electronic structure of
crystalline solids. Fundamentally, solids consist of on the order of 1023 interacting electrons
and nuclei. The Hamiltonian for this fully interacting system can be written as

H = −1

2

∑
i

∇2
i +

1

2

∑
i

∑
j 6=i

1

|ri − rj|
− 1

2

∑
i

1

mα

∇2
α+

1

2

∑
α

∑
β 6=α

ZαZβ
|Rα −Rβ|

−
∑
i

∑
α

Zα
|ri −Rα|

(2.1)
where the i, j denote electronic, and α, β the nuclear, degrees of freedom. In what follows,

we use the Born-Oppenheimer approximation, namely we neglect the nuclear kinetic energy,
and assume the ions are fixed at their lattice sites, where they generate a static potential for
the electrons.

DFT is a widely-used method to calculate properties of atoms, molecules, solids, surfaces,
interfaces, and more. This is because it provides a rigorous, exact way of mapping a problem
with interacting particles to a non-interacting problem. The basis of this is given by the
Hohenberg-Kohn [12] theorems and Kohn-Sham [13] ansatz, described below largely following
the descriptions from [14, 1].

The first Hohenberg-Kohn theorem states that for a system of interacting particles in
an external potential, that external potential is uniquely determined by the ground state
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density (and thus the total energy is a unique functional of the ground state density alone).
The second Hohenberg-Kohn theorem states that for a given external potential, a functional
for the energy in terms of density can be defined. The ground state energy is then the
global minimum of that energy functional, and the density that minimizes E[n(r)] is then
the exact ground state density. Although these theorems prove that such a functional exists,
the remaining question is the form of that functional.

These theorems imply that the ground state energy, E0, of an interacting system in an
external potential Vext is the energy that minimizes a functional, E[ρ(r)], as given below,
with respect to the density ρ.

E[ρ(r)] = F [ρ(r)] +

∫
ρ(r)Vext(r)d3r (2.2)

which in principle can be solved exactly by minimizing the energy with respect to the
electron density ρ(r).

Density functional theory potentially represents a simplification relative to wavefunction-
based theory, as it replaces the wavefunction, a function of 3N coordinates, with the density,
a function of three, as the fundamental variable. However, the exact functional of the
density is unknown. To make progress, Kohn and Sham partitioned the functional into non-
interacting and interacting parts, with the non-interacting part being known. This lead to
the Kohn-Sham equations, a major breakthrough in DFT and the reason that it is still used
today.

The Kohn-Sham equation shows that one can construct a non-interacting electron system
that has the same density as the interacting system of interest; since it was already shown
that a given density provides a unique external potential, therefore solving the electronic
problem of an equivalent non-interacting system with the same density will give the external
potential for the interacting system, thereby greatly simplifying the problem by solving the
fictitious, non-interacting electronic system. While the functional in Eqn. 2.2 F [ρ(r)] is not
known exactly it can be broken into three terms, two of which we know the exact form and
one which remains unknown.

F [ρ(r)] = Ts[ρ(r)] +
e2

2

∫∫
ρ(r)ρ (r′)

|r− r′|
d3rd3r′ + EXC [ρ(r)]. (2.3)

The first term is just the kinetic energy of the non-interacting electrons; the second is the
electron-electron Hartree interaction. The third term is the exchange-correlation functional
and this is the term in which approximations must be made since the exact form of it remains
unknown.

The electron density is ρ(r) =
∑

i |ψi(r)|2 which leaves the kinetic energy term as

Ts[ρ(r)] =
∑
i

− ~2

2me

∫
ψ∗i∇2ψid

3r. (2.4)
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Minimizing the energy with respect to the electron density leaves us with a one-particle
Schrödinger equation. Minimizing the density leads to an equation of the form 2.5, with the
eigenvalues really Lagrange multipliers, enforcing the constraint of 2.4(

− ~2

2me

∇2 + Veff (r)

)
ψi(r) = εiψi(r) (2.5)

where Veff is the effective one-body potential

Veff = Vext(r) +

∫
e2n (r′)

|r− r′|
d3r′ + VXC(r) (2.6)

given in terms of the exchange-correlation potential

Vxc(r) =
δExc[ρ(r)]

δρ(r)
. (2.7)

The exchange-correlation potential is still unknown. The first approximation in the
Kohn-Sham formalism to the exchange-correlation energy is the local density approximation
(LDA) [15], which has shown to work decently well in capturing material properties, which
was not obvious at the time and remains surprising,

ELDA
XC =

∫
εXC(ρ(r))ρ(r)d3r. (2.8)

One can also include the gradient of the electron density in the generalized gradient
approximation (GGA), a commonly used one being PBE as developed by Perdew, Becke,
and Ernzerhof [16], which also works quite well,

EGGA
XC =

∫
d3reGGA

XC (n↑(r), n↓(r), |∇n↑(r)| , |∇n↓(r)|) (2.9)

Alternatively, one can include a fraction of exact exchange defined as

EX = −1

2

∑
σ,i,j

∫
d3r

∫
d3r′

φ∗iσ(r)φ∗jσ (r′)φiσ (r′)φjσ(r)

|r− r′|
(2.10)

in the so-called hybrid functionals. This can be partitioned into long-range (LR) and
short-range (SR) contributions such as is done in the HSE functional [17] (named for Heyd,
Scuseria, and Ernzerhof) where a fraction of exact exchange (here a = 1/4, the separation
range is determined by the screening parameter ω which is determined from perturbation
theory) is included only for short-range interactions

EHSE
XC = aEHF,SR

X (ω) + (1− a)EPBE,SR
X (ω) + EPBE,LR

X + EPBE
C . (2.11)

In order to proceed with solving the self-consistent Kohn-Sham equations, one needs
to choose a basis set with which to represent the electronic wavefunctions. The materials
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studied in this dissertation are those which possess discrete translational symmetry, and as
such we use a plane-wave basis set representation.

The periodicity of the lattice allows us to use Bloch’s theorem [18] to write the wave-
functions as a phase factor multiplied by a cell periodic function unk(r) = unk(r + R), for
crystal momentum k and band index n,

ψnk(r) = eik·runk(r). (2.12)

In this work, we primarily use plane wave basis functions, summing over reciprocal lattice
vectors G,

unk(r) =
∑
G

cn,k(G)eiG·r. (2.13)

In principle plane waves are a complete basis but an infinite number are required. In
practice only a finite number is necessary, given by an energy cutoff; we check the convergence
of our results with respect to this cutoff (where me is the electron mass)

~2|k + G|2

2me

≤ Ecutoff . (2.14)

It is worth noting that the formulation of DFT is exact for the ground state of the
system, and furthermore only the charge density and total energy equate to that of the
physical, interacting system. As such, the eigenvalues of the Kohn-Sham equation are not
meant to accurately represent quasiparticle excitations with this formalism, nor the electronic
band gap. The single-particle eigenvalues calculated in DFT are not physically meaningful;
corrections to those single-particle energies require beyond standard DFT formalisms, like
the GW approach, which includes first-order self-energy corrections. This is beyond the
scope of this dissertation.

Many material properties are determined by the valence electrons, and these valence
electrons are largely decoupled from the core electrons for the most part under ambient
conditions. One caveat is that this needs to be checked more carefully for materials subjected
to high pressures, where the atomic cores are very close together and indeed core overlap
can strongly influence material properties (as further discussed in Chapter 3). Barring high
pressure situations, we can simplify the representation of the electronic wavefunction by
using pseudopotentials, wherein the basis sets do not explicitly treat the core electrons.

The periodicity of the lattice is particularly useful for bulk crystalline solids, but when
one wants to study surfaces or defects in a crystalline solid we must work around the periodic
plane wave approach by use of supercells. For the former case, one can still impose in-plane
periodicity but include a finite amount of vacuum in the out-of-plane direction, enough such
that the periodic representations of the slabs (the crystal of finite thickness that is periodic
in-plane) do not interact and the slab is thick enough that the interior converges to bulk-like
properties, as further discussed in Chapter 7. For the latter case, one can create the desired
defect (atomic substitution, vacancy, etc.) in a new unit cell that is simply ni × nj × nk
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repetitions of the original unit cell of the crystal. One actually has to use large supercells
and check that artifacts associated with periodicity are avoided as best as one can while
maintaining the concentration of defects needed, as further discussed in Chapter 4. The
defects can be charged or neutral, though in this work we only consider neutral defects.

Although so far we have used the reciprocal space representation for the wavefunctions,
one can define a real space representation as well and one such example are Wannier functions
[19]. The Wannier functions wnR are defined as Fourier transforms of the Bloch wavefunctions
ψnk and vice versa as shown below

|wnR〉 =
Ω

(2π)3

∫
BZ

e−ik·R |ψnk〉 d3k (2.15)

|ψnk〉 =
∑
R

eik·R |wnR〉 (2.16)

where the integrals are performed over the Brillouin zone, n is the band index, R are
the lattice vectors, k are the wave vectors, and Ω is the unit cell volume. These form
a complete, orthonormal basis, and each Wannier function is localized around Rj; these
are not uniquely defined as one can include a phase factor to achieve so-called maximally
localized Wannier functions [20]. Calculating these are well integrated within Wannier90
[21] (an open-source code which computes the maximally-localized Wannier functions from
the Bloch wavefunctions calculated with DFT) which interfaces with many commonly used
electronic structure theory codes and are furthermore very useful for calculation of topological
invariants as further discussed in the following section and in Chapter 3.

Topological materials from an electronic structure perspective

As discussed in the introduction, topological electronic materials are classified by topological
invariants. In the case of topological insulators mentioned above, the topological invariant
is the Z2 index. It takes on a value of 1 for a topologically nontrivial insulator and 0 for
a topologically trivial insulator (i.e. topologically equivalent to vacuum). Due to the bulk-
boundary correspondence, the topological invariant can be defined in terms of a bulk or
surface property of the material. From the bulk properties the Z2 index can be defined
in terms of the Berry phase of the Bloch wavefunctions as outlined below. If the crystal
has inversion symmetry, the calculation of the Z2 index can actually be greatly simplified
because the Bloch wavefunctions at the time-reversal invariant momenta (TRIM) of the
Brillouin zone, which are invariant under inversion and time reversal symmetry, have well-
defined parities; therefore the Z2 index can be calculated from the products of the parity
eigenvalues of the occupied bands at the TRIM [22].

More generally, these invariants are related to the Berry phase of the Bloch wavefunctions
and can be calculated from first-principles calculations of materials. In fact, the Wannier
charge centers can be shown to be proportional to the Berry phase of the Bloch wavefunctions
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〈wn0|r|wnR〉 = AnR, (2.17)

where the left hand side is the definition of the Wannier charge centers rn, and with the
AnR being the Fourier transform coefficients of the Ank, the Berry connection which was
defined in reciprocal space.

AnR =
Vcell

(2π)3

∫
BZ

e−ik·RAn(k)d3k. (2.18)

The Bloch function is written as

φn =

∮
An(k) · dk, (2.19)

in terms of the Berry connection An

An(k) = 〈unk| i∇k|unk〉. (2.20)

In this way, the Wannier charge centers are directly proportional to the Berry phase; a
phase going from 0 to 2π simply corresponds to a Wannier charge center going across the
unit cell in one lattice direction, from 0 to a. One may be concerned, since the Wannier
functions are not uniquely defined, if there is ambiguity in this definition, but the Wannier
charge centers are uniquely defined up to a lattice vector, in complete analogy to a phase
being defined modulo 2π, or the electronic polarization being defined modulo a quantum of
polarization [23, 24, 25, 26, 27, 28, 29, 30].

The invariant is slightly more complicated when studying topological semimetals, instead
of the Z2 invariant, the Chern number is the invariant. Topological Dirac (Weyl) semimetals
are ones in which there are linearly dispersing bands with fourfold (twofold) degenerate
crossing points.

The hybrid Wannier charge centers (these are wavefunctions which are Wannier-like along
x-direction, and Bloch-like along y and z)

x̄n (ky) =
iax
2π

∫ π/ax

−π/ax
dkx 〈unk |∂kx|unk〉 , (2.21)

where x̄n are assumed to be smooth functions of ky for ky ∈ [0, 2π], can be used to express
the polarization.

As alluded to above, the electric polarization is written in terms of Berry phase of Bloch
wavefunctions

P h
e (ky) = e

∑
n

iax
2π

∫ π/ax

−π/ax
dkx

〈
unk|

∂k,xunk
∂k

〉
= e

∑
n

x̄n (ky) . (2.22)

In this case, we use P h
e for the hybrid electronic polarization because we are only Wannier-

izing along one direction, the other two directions remain Bloch-like (so the wavefunctions
are expressed as a “hybrid” of Wannier and Bloch states).
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Figure 2.1: Adapted from [32]. This illustrates different windings of the WCC that are
possible while traversing along the periodic direction in the Brillouin zone denoted by ky.
The winding is illustrated by taking the polarization axis (the vertical axis in the top
figure) and forming a cylinder since it is defined modulo 2π.

The topological invariant is related to polarization [31, 32]

C =
1

ea

(
P h
e (ky = 2π/a)− P h

e (ky = 0)
)
, (2.23)

where C is the Chern number, P h
e denotes the hybrid electronic polarization. One can

then track the hybrid Wannier charge centers along closed path in Brillouin zone (chosen
depending on geometry of topological features) and the winding of the WCCs gives the
Chern number as depicted in Fig. 2.1; note that in three dimensions the Chern number can
be defined on any closed 2D cut through the Brillouin zone [32].

In addition to calculating the topological invariant, from a materials perspective it is
important to also understand what gives rise to the topological features and how they are
protected. Broadly speaking, one can divide topologically nontrivial materials into spin-orbit
induced or crystalline topological materials. In the former case, spin-orbit coupling causes a
reordering of the electronic bands such that one cannot adiabatically evolve the Hamiltonian
between the normally ordered and inverted band structures without the energy gap closing
(this is the case in such materials as Bi2Se3). In the latter case, crystalline symmetries
give rise to band degeneracies which become nondegenerate when that symmetry is broken.
By understanding the protection mechanism of these topological features, one can then
manipulate and design materials to have these features.
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Chapter 3

Emergence of topological phases of
elemental lithium under pressure

“Put on Patti Smith and finish the
lithium draft”

October 15, 2017

This chapter is primarily adapted from [33]

3.1 High pressure lithium

Lithium is the lightest metal on the periodic table, under ambient conditions, and, unusually,
it undergoes structural phase transitions to lower symmetry structures under pressure. We
studied the electronic structure of these high pressure phases of lithium using density func-
tional theory calculations. At 80 GPa, where lithium is predicted to assume Pbca symmetry,
we find it also becomes topologically nontrivial, with the electrons behaving as massless
fermions. Lithium is unique as a topological material in that it is a light elemental solid
where the topological features of the band structure are well-isolated from other bands at
the Fermi level. Our results indicate that lithium has previously unexplored topological
properties in its pressure phase diagram.

Lithium assumes a close-packed structure under ambient conditions and is a simple metal
with a free electron-like band structure. More than a decade ago, it was predicted using first-
principles calculations that, somewhat counter-intuitively, as the pressure increases and the
average electron density rises lithium undergoes a sequence of phase transitions in which the
coordination number decreases and the electronic structure strongly deviates from that of a
simple metal, culminating in an insulating or zero-gap semiconducting state around 100 GPa
[34]. This series of phase transitions was attributed to a Peierls-like set of symmetry-lowering
distortions. Core overlap forces electron density to reside in the increasingly open interstitial
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regions [35], lowering electronic kinetic energy and explaining the s-to-p transition [36] in
the character of the band structure near the Fermi energy [37]. Interestingly, the initially-
predicted zero-gap phases exhibited a nonsymmorphic space group, Cmca, and the broad
linear dispersion in the band structure [34] is indicative of massless Dirac fermionic behavior.
In this paper we characterize the predicted high pressure structures to feature isolated Dirac
nodes at the Fermi energy with band velocities comparable to graphene [38, 39].

Since the original predictions nearly two decades ago[34], experiments have confirmed
the basic idea that lithium exhibits lower coordinated structures with pressure, albeit with
different structures. At around 40 GPa, lithium is found to transform from close-packed fcc
to a lower symmetry I4̄3d [40] phase in which the atoms are only three-fold coordinated.
Subsequent ab initio calculations [41, 2] and experiments [42] have shown this three-fold
coordination persists in a series of different structural phases, with nonsymmorphic sym-
metries, up to pressures of at least 450 GPa. Although Li is the third-lightest element in
the periodic table, with negligible spin-orbit coupling, the sequence of low-symmetry struc-
tures assumed as a function of pressure are mostly nonsymmorphic space groups, which
promote band sticking, increasing the likelihood of nontrivial topology and hosting novel
band structure features.

Experimental determination of the high-pressure structures of lithium is challenging for
diffraction experiments due to its small atomic number (Z = 3). In fact, only four lower-
pressure structural phases (Im3̄m, Fm3̄m, I4̄3d, Aba2 ) have been experimentally confirmed.
Beyond 70 GPa, although the Pearson class has been determined experimentally, the full
crystallographic symmetry of the high pressure phases is not yet known [42]. Based on the
Pearson class and using first-principles calculations, two prior studies [3, 2] used structure
searching algorithms to determine the low-enthalpy space group symmetries at a range of
pressures and predicted the zero-temperature phase diagram of lithium from 0 to 500 GPa.
We adopt structures from one of these studies [3], which is in good agreement with an
earlier independent study by Pickard and Needs [2]; the difference between the two studies
is that Ref. [3] predicts two intermediary structures at 71 and 227 GPa, not reported
in [2]. Starting with atomic coordinates from [3], we use structures at a representative
pressure in the predicted phase diagram (see A), and then use DFT to compute and analyze
their electronic structure. All DFT calculations are performed within the local density
approximation (LDA) with PAW potentials treating all three electrons in Li as valence
using the VASP code [43, 44]. We use the post-processing software Z2Pack [32, 31] and
WannierTools [45] to compute topological invariants and surface states, and to determine
whether a given phase is topologically trivial or nontrivial.

There has been considerable recent interest in understanding the phases of crystalline
materials in terms of their topology as well as symmetry. This has led to the classification of
new topological ground states, including topological insulators [46], Dirac/Weyl semimetals
[47, 48, 49], and Dirac/Weyl nodal semimetals [50], signatures of which have subsequently
been observed in experiments. Structural phases with topological electronic structure have a
host of interesting properties, including high mobilities, giant magnetoresistance, and chiral
anomalies. Thus far, the majority of materials identified or verified experimentally that
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0 100 200 Pressure 
(GPa)

Metal Insulator Dirac semimetal

bcc fcc I43d Aba2 Pbca Cmca-24 Cmca-56

Figure 3.1: Predicted phase diagram of Li below 250 GPa from [3] at zero temperature.
Note that from 100–165 GPa lithium assumes a Cmca unit cell with 24 atoms per unit cell,
and a 56 atom unit cell from 165–220 GPa, after which P42/mbc is the preferred space
group.

have topological electronic structures are binary or ternary compounds that include heavy
elements [51]. Some elemental systems have also been predicted to exhibit topological nodal
line properties at standard or high pressures, including Ca, Sr, Y [52], Be, Mg [53], and even
the lightest elemental solid, H [54, 55]. Yet, the majority of these elemental solids do not
exhibit topological features at the Fermi energy and, if they do, these features are impeded
by trivial bands.

3.2 Characterizing high pressure phases of lithium

Experimental determination of the high-pressure structures of lithium is challenging for
diffraction experiments due to its small atomic number (Z = 3). In fact, only four lower-
pressure structural phases (Im3̄m, Fm3̄m, I4̄3d, Aba2 ) have been experimentally confirmed.
Beyond 70 GPa, although the Pearson class has been determined experimentally, the full
crystallographic symmetry of the high pressure phases is not yet known [42]. Based on the
Pearson class and using first-principles calculations, two prior studies [3, 2] used structure
searching algorithms to determine the low-enthalpy space group symmetries at a range of
pressures and predicted the zero-temperature phase diagram of lithium from 0 to 500 GPa.
We adopt structures from one of these studies [3], which is in good agreement with an
earlier independent study by Pickard and Needs [2]; the difference between the two studies
is that Ref. [3] predicts two intermediary structures at 71 and 227 GPa, not reported in [2].
Starting with atomic coordinates from [3], we use structures at a representative pressure in
the predicted phase diagram (see Appendix A), and then use DFT to compute and analyze
their electronic structure. All DFT calculations are performed within the local density
approximation (LDA) with PAW potentials treating all three electrons in Li as valence
using the VASP code [43, 44]. We use the post-processing software Z2Pack [32, 31] and
WannierTools [45] to compute topological invariants and surface states, and to determine
whether a given phase is topologically trivial or nontrivial.
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Figure 3.2: Band structures for four lowest pressure predicted structures. The colors
indicate the dominant orbital contribution to the band, with the s, px, py, and pz orbitals
represented by orange, light, medium, and dark blue respectively. The Fermi level is set to
zero.

Calculating topological invariants from first-principles

The calculations of the topological invariant are performed using Z2Pack [32]. The Aba2
structure does not have inversion symmetry, and so the Z2 index is calculated using Z2Pack,
where the invariant is well-defined on the time-reversal symmetric planes, and we calculate
the adiabatic pumping of the Wannier charge centers along lines across the planes of the
Brillouin zone surfaces. Performing these surface calculations the Z2 index is calculated
to have a trivial value of zero, indicating that the Aba2 structure is a topologically trivial
insulator. In the case of Pbca, the winding number of the Berry phase is defined on a smooth
contour enclosing the topological nodal ring, and so a torus was parametrized to enclose the

nodal ring centered at kx = 0; ky = 0.595 Å
−1

; kz = 0. We can control the number of lines
on the surface in k-space along which the Wannier charge centers are calculated, denoted
as num lines in Z2Pack, and here to ensure convergence we begin with a minimum value of
101 and our tolerance for the distance between the largest gap and the neighboring Wannier
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Figure 3.3: Solid Li at 80 GPa in its predicted Pbca phase. (a) Pbca unit cell - coloring
indicates different atomic layers along the b direction. (b) Band structure at 80 GPa, where
the colors indicate the dominant orbital contribution to the band, with the s, px, py, and
pz orbitals represented by orange, light, medium, and dark blue respectively. The Fermi
energy is set to 0 eV and marked by a black line. (c) The nodal ring is shown in the kz = 0
plane where the color gradient represents the size of the band gap in eV. The projection of
the Fermi surface on the 2D k-plane indicates there is a nodal ring in the kz=0 plane (d)
The projected band structure along the [001] direction.

charge center is set to 0.001 Å
−1

, as implemented in the TBModels package (in Z2Pack) with
the tight-binding parameters calculated from Wannier90.

Although solid lithium is metallic [56] and considered nearly-free-electron-like at low
pressures, between 70-80 GPa it is predicted to adopt the Aba2 phase, which is predicted
to be insulating (see Fig. 3.1). Using Z2Pack, we compute Aba2 to be topologically trivial
with a Z2 index of zero. At 80 GPa, a transition to the semimetallic Pbca phase is predicted;
the crystal structure of Pbca at 80 GPa is shown in Fig. 3.3(a). Our calculated DFT band
structure for Pbca at 80 GPa (see Fig. 3.1 for lattice parameters) features two four-fold
degenerate Dirac points at the Fermi energy located along the Γ–X and Γ–Y directions as
shown in Fig. 3.3(b). Interestingly, these Dirac points are isolated from other bands. At the
Dirac points (and away from the Fermi level at X and Y) we observe ‘band sticking’ [57],
or band degeneracies, enforced by the nonsymmorphic symmetries in the Pbca space group.
Similar band degeneracies arise in the electronic structure of lithium at lower pressure in
the I 4̄3d phase, which is also nonsymmorphic. However, the eight-fold degeneracies at the
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Figure 3.4: Band structures computed with DFT-LDA for bulk Pbca phase shown in order
of increasing pressure from (a) 5 GPa through to (c) predicted pressure where the space
group is stable at 80 GPa. The relative orbital contribution to the bands is shown where
s-like is in orange and p-like in blue. Increasing pressure shows increasing p character in
the bands at the Fermi level, the s-like contribution decreases from ∼30% to 10%
comparing (a) and (c). Along with the broadening of bands this gives rise to a well-isolated
Dirac crossing. A similar transition is seen along the Γ–Y direction.

H point, predicted in the band structure of any crystal with I 4̄3d symmetry [58], are far
below the Fermi energy and topologically-trivial nearly-free electron-like bands dominate
the electronic structure at the Fermi level.

Our computed Fermi surface of the Pbca phase at 80 GPa appears in Fig. 3.3(c). The
fourfold degenerate Dirac points form part of a nodal ring located at the Fermi energy in
the kz=0 plane of the Brillouin zone, enforced by the glide plane {2001 — 1/2 0 1/2} (in Seitz
notation). Our calculations predict that the nodal ring is well-isolated from the nearest
bands over a broad energy range of 0.8 eV. We verify that the nodal ring is protected by
a nonzero Berry phase (winding number = –1), and therefore it is topologically nontrivial.
The Fermi velocities, computed with DFT-LDA, range from 2.8–6.6x105 m/s, comparable
to measured values for other verified Dirac semimetals, such as Na3Bi [59] and Cd3As2 [60].
Topologically nontrivial electronic bands will lead to unique surface states arising from the
bulk topological features. Although such surface states would be ostensibly challenging
to probe experimentally, our DFT calculations of the Pbca (001) surface-projected band
structure (Fig. 3.3(d)) verify the existence of the expected drumhead surface state bands
connecting the bulk Dirac points [61, 62].

That high-pressure phases of solid Li possess topological band structures with pressure
is notable, given its low atomic number. From a geometric perspective, we note that the
Pbca structure can be viewed as consisting of distorted honeycomb layers, in approximate
analogy with graphene, possessing two distortions relative to the pristine honeycomb lattice:
the first is a buckling distortion that results in neighboring Li atoms displacing in opposite
directions to each other, perpendicular to the atomic plane; the second is a bond stretching
distortion that results in each lithium atom having one shorter and two longer bonds with
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Table 3.1: Lattice parameters of Pbca structures at different pressures used in Fig. 3.4

Pressure (GPa) Lattice constants a (Å) b (Å) c (Å)

80 4.412 4.365 7.950
23 5.074 5.020 9.143
5 5.736 5.675 10.336

Wyckoff Positions Fractional Coordinates

Li1 8c 0.176 0.051 0.026
Li2 8c 0.421 0.155 0.174
Li3 8c 0.368 0.335 0.345

its nearest neighbors.
To understand the origin of the Dirac crossings and topological nature of the Pbca phase,

we perform a computational experiment. Keeping the symmetry and Wyckoff positions
fixed, we alter the volume of Li in the Pbca phase (see Table 3.1 for lattice parameters). We
consider several lower pressures between 5 GPa and 80 GPa, the latter the pressure at which
this phase is expected to be first preferred. In Fig. 3.4 we see that along the Γ–X direction,
there is a band crossing close to the Fermi energy. As the pressure increases, the initially
flat band shows increasing p-like character, leading to broadening of the band and a change
in curvature where the band is now higher in energy at the zone center (Γ) than further
towards the zone edge, until the band crossing point. An increase in p-orbital character in
the near-Fermi energy band structure of Li and other alkali metals under pressure has been
noted before [36, 63, 35]. This change in band character broadens the energy range over
which we have linearly dispersing bands, and pushes trivial bands further from the Fermi
level ensuring the nodal ring is well isolated from other bands. Although we only show the
Γ–X direction in Fig. 3.4, we compute the same effect for the Dirac node along the Γ–Y
direction as well. The increasing p-character in the bands in combination with the underlying
nonsymmorphic crystalline symmetry gives rise to isolated Dirac crossings along these high
symmetry lines at the Fermi level.

We compute that the band structures of the next three predicted phases at higher pres-
sures – Cmca-24, Cmca-56, and P42/mbc – also exhibit Dirac-like bands close to the Fermi
energy (FIG. 3.5). While all three space groups – Pbca, Cmca, P42/mbc – feature space
groups with nonsymmorphic symmetries (glide planes) and inversion, the difference between
Pbca and Cmca is the introduction of additional translation symmetry, and P42/mbc in-
cludes a screw axis and reflection plane. Examining the computed Fermi surfaces of these
structures at 100 GPa and 220 GPa, respectively, we note our DFT calculations predict that
the Cmca-24 phase has a Fermi surface composed of a ‘pinched’ nodal ring (viewed along
[001] in FIG. 3.5(d)) with two flat lobes adjacent, but disconnected, at 100 GPa. Interest-
ingly, this pinched nodal ring evolves into two perpendicular nodal rings as Li transitions
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Figure 3.5: Band structures for higher pressure bulk phases for (a) Cmca-24 ; (b)
Cmca-56 ; and (c) P42/mbc. The relative orbital contribution to the bands is shown where
s-like is in orange and p-like in blue. The Dirac nodes are still present in the band
structures, although as the pressure increases the s-like bands rise in energy relative to the
Fermi level and the topological features are not as well-isolated from the trivial bands as in
the Pbca case. The corresponding calculated Fermi surfaces projected on a 2D plane in the
Brillouin zone are shown in (d)-(g) (The full 3D Fermi surfaces are shown in Fig. 3.7.) (d)
Cmca-24 : in the kz=0 plane, the nodal loop is largely derived from the bands close to the
Γ point and is much smaller in k-space than for the Pbca nodal ring; (e) Cmca-56 : there
are two nodal rings. The first nodal loop depicted in (e) is derived from the two crossings
seen in the electronic band structure from Γ–Y and Y–X; the second nodal loop in (f) is
spanned by the high symmetry directions from Γ–Y and Y–T seen at the Fermi energy in
the electronic band structure.; (g) P42/mbc: at an energy 250 meV below EF there are two
nodal loops centered at Z formed of the p-like bands as seen in the linear crossings in the
corresponding band structure plot (c) at the same energy.
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Figure 3.6: Band structures for higher pressure bulk phases for (a) R3̄m; and (b) Fd3̄m
where the coloring follows the same scheme as Fig. 3.3(b) and 3.5. We note the
graphene-like Dirac crossing at the W point 1 eV below EF in (b) and the bands have
p-character. (c) Fd3̄m unit cell - coloring indicates different atomic layers which have the
same buckling distortion perpendicular to the atomic plane in the hexagonal motifs similar
to the Pbca structure; here the atoms are four-fold coordinated with their nearest
neighbors and all bond lengths are 1.23 Å.

to Cmca-56 at 220 GPa; these are not isoenergetic so appear faded in the top half of FIG.
3.5(e), and the second loop is spanned by the high symmetry directions from Γ–Y and Y–T
as shown in FIG. 3.5(f). This Lifshitz transition [64, 65], or change in topology of the Fermi
surface, can be seen in the constant energy cuts in Fig. 3.5 (d) – (f) as it evolves from a
single loop centered at Γ to a double loop centered at the Y point. A Lifshitz transition
was initially suggested to occur in metals under pressure [64]; while it has been observed
experimentally in heavier elements [66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77], we predict
it to occur in lithium as well.

The nontrivial topological features for solid Li persist in the predicted high-pressure
phases from 80–500 GPa, albeit with increasing contributions from trivial bands around the
Fermi level as compared to Pbca. At higher pressures of 350 GPa, the near-Fermi energy Li
band structure reverts to having more and more s-like character (shown in orange in Fig. 3.5
(c)), and in fact s-like character dominates at the Fermi level in the band structure of the
P42/mbc phase. Computing the electronic structure of this phase at 350 GPa, we find that
the nodal rings are still present in this phase, but are now approximately 0.25 eV below the
Fermi level in our DFT calculations (see Fig. 3.7). This is expected since the p-like bands
are broadened more significantly under pressure reverting the order of the s- and p-like bands
[78]; this has the effect of moving the Dirac nodes to lower energies relative to the Fermi
level. As a growing number of states are present at the Fermi level, lithium has increasing
metallic character at higher pressures compared to the Pbca phase at 80 GPa.
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In the final two phases of the predicted pressure phase diagram, the lithium atoms are
four-fold coordinated and the electronic structure exhibits highly-dispersive bands and metal-
lic character at the Fermi level (Fig. 3.6). The R3̄m phase is symmorphic and its electronic
structure is dominated by nearly-free electron-like bands. But as lithium adopts the Fd3̄m
structure, the similarity to graphene becomes more pronounced in both its geometry and
electronic structure: its structure consists of offset, hexagonal layers with all bond lengths
approximately 1.23 (both within each hexagonal layer and between layers) and has the same
‘buckling’ motif, as described earlier for the Pbca phase. We note that at the W point on
the Brillouin zone edge, where the bands are dominated by p-like character, there is a Dirac
point, similar to graphene’s Dirac point at its K point (which also lies on the Brillouin zone
edge); albeit, here in lithium, it is 1 eV below the Fermi energy whereas in graphene it is
at the Fermi level. Lithium can thus be seen to form a 3D analogue to graphene at this ex-
tremely high pressure, where again the crystallographic symmetry and dominant p-character
at the Fermi level facilitates the formation of the Dirac crossing.

3.3 Structural analogy to graphene

We noted that several of the high pressure phases of lithium have hexagonal motifs, with
buckling and stretching distortions. We examine the effect of these distortions on the band
structure and suggest how finding materials with similar structural motifs would give rise to
topological features similar to the Dirac crossing at the K point in graphene, and a degree
of tunability using these structural parameters.

We show how this distorted layered honeycomb structure gives rise to a Dirac nodal line
by considering a hypothetical, pristine, 2D symmetric honeycomb lattice of lithium, the Li
analogue of graphene (lithene). If the lithium atoms are spaced by bond lengths of 2.70 Å,
the band structure of graphene is closely reproduced, as in Fig. 3.9(a); the electron filling is
different in lithium than in carbon so the Fermi level is lower in energy relative to graphene
and the same Dirac crossing at the K point is found as in graphene, but at 3 eV above EF

. We then construct the bulk phase from the single layers with successive layers laterally
offset by half a unit cell, shown in Fig. 3.8(c). As we decrease the lattice constants to
match that of Cmca-4, the high pressure, undistorted, bulk phase retains the Dirac points
at the Fermi level as seen in Fig. 3.9(c). Introducing the buckling and stretching distortions
in the high pressure bulk phase in Fig. 3.9(d) isolates two of the Dirac crossings from the
rest of the bands at the Fermi level, the feature which we observe in our calculations of the
band structures for the high pressure lithium phases with these distorted, hexagonal layered
motifs, namely Pbca, Cmca-24 and Cmca-56, and Fd3̄m.
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(a) Fermi surface for Pbca structure
(k-grid density 101×101×101). The
nodal ring is not isoenergetic and so an
energy window of ±10 meV is
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(b) Fermi surface for Cmca-24
structure using a k-grid density of
101×101×101. The nodal loop lies
parallel to the kz axis with two flat
lobes adjacent to the nodal loop.
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(c) Fermi surface of Cmca-56 structure
(k-grid density of 201×201×201). An
energy window of ±10 meV is
included; colors indicate different band
contributions.
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(d) Fermi surface at E = –0.25 eV of
P42/mbc structure (k-grid density of
101×101×101). Below EF , there is a
double nodal loop that spans the
Brillouin zone edge, as well as a
spherical contribution at the zone
center.

Figure 3.7: Fermi surfaces computed with Wannier90 [21] for the high pressure phases of
lithium indicating the persistence of nodal loops through a large pressure range.
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Figure 3.8: (a) Hexagonal layer of lithium, with green and pink representing the A and B
sublattices. The thick black lines indicate shortened bonds showing where the bond
stretching occurs as the two atoms indicated by the arrows move closer together. The
buckling distortion is represented by a (+) indicating displacement out of the page and (–)
displacement into the page. (b) Side view of a single layer with buckling and stretching
distortions. (c) 4 atom Cmca structure where the different shades of green indicate two
different layers in the c direction showing the half unit cell offset between subsequent layers.

3.4 Conclusions and outlook

We note that at low temperatures, topological properties are predicted appear at about 80
GPa and above, a pressure range recently probed for lithium [42]; pressures up to 400 GPa
are experimentally achievable using diamond anvil cells [79], and 500 GPa appears to be
within reach in the near future [80, 81, 82]. The closed loop in the Fermi surfaces, would
lead to characteristic quantum oscillations in de Haas-van Alphen measurements for the
Pbca, Cmca, and P42/mbc structures (shown in Fig. 3.7). Given the small lithium mass,
nuclear motion associated with zero-point and finite temperature effects would be expected
to alter the structural phase diagram [83, 84, 85]; such effects may shift the zero-temperature
structural phase transition pressures predicted in [3, 2] and used here. Future calculations,
for example including anharmonic effects in calculations of structural energetics, as has
recently been demonstrated for hydrogen [86], would be desirable. Additionally, appreciable
electron-phonon interactions expected for lithium at high densities could potentially modify
band dispersion, introducing satellites and kinks as has been reported in angle-resolved
photoemission studies of graphene [87, 88]. Further theoretical and experimental studies
will be important to explore these issues in detail and their consequences for the structural
and electronic phase behavior of lithium at these high densities.

In summary, as lithium is subjected to higher and higher pressures, it favors lower co-
ordinated phases with nonsymmorphic symmetries which enforce band stickings at high
symmetry points, thus increasing the likelihood for crossings along high symmetry direc-
tions. The distorted hexagonal honeycomb structural motifs are reminiscent of graphene
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(a) single layer; undistorted bulk; undistorted

bulk; undistorted; P = 122 GPa

(b)

(c) bulk; distorted; P = 122 GPa(d)

Figure 3.9: Band structures(where EF = 0) for lithium in (a) undistorted single hexagonal
layer at equilibrium lattice constants, (b) undistorted bulk phase at equilibrium lattice
constants, (c) undistorted bulk phase with same lattice constants as Cmca-4 ), and (d)
distorted bulk phase with same lattice constants as Cmca-4

and are consistent with the nonsymmorphic symmetries that guarantee the presence of band
stickings. Furthermore, the pressures at which these structures are favored not only reorder
the bands and lead to dominant p-orbital character near the Fermi level, but also shifts many
of the trivial electronic bands away from the Fermi energy as they become more significantly
broadened. These two effects in combination, the dominant p-character and the phase tran-
sitions to structures with nonsymmorphic symmetries, result in well-isolated Dirac nodes at
the Fermi energy in high pressure lithium. When lithium assumes the Cmca symmetry, it
undergoes a Lifshitz transition as seen by the change in Fermi surface topology between the
two predicted structures. It then evolves to a more metallic P42/mbc phase where the nodal
line is slightly below the Fermi energy as the s- and p-like bands become reordered with
pressure. At 500 GPa, lithium’s structure consists of four-fold coordinated atoms in buckled
hexagonal honeycomb layers, giving rise to a Dirac crossing 1 eV below the Fermi level as
predicted by our DFT calculations. Using first-principles calculations, we show here that
lithium’s complex structural phase diagram also features topological electronic structure,
suggesting similar features may be observed in other light elements under pressure, such as
hydrogen as this author has begun to consider more. Indeed, more generally, pressure can
be used to realize topological features in electronic structures in broad classes of materials.
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Chapter 4

Tuning the band gap of Cs2AgBiBr6
through dilute alloying

“I have to talk like a physicist, I’m sorry”

February 16, 2018

This chapter is primarily adapted from [9].

Lead halide perovskites, with the general formula APbX3 (A = monovalent cation, X = Br or
I), have exhibited remarkable properties for use as solar absorbers [89, 90]; however, concerns
regarding their long-term stability and the toxicity of water-soluble Pb2+ salts still need to
be addressed [91, 92]. In order to identify lead-free materials that show similar optoelectronic
properties to APbX3, halide double perovskites have been introduced [5, 6, 7] as potential
absorbers. In particular, Cs2AgBiBr6 displayed a long carrier lifetime, which is beneficial
for charge extraction in a solar cell, and higher stability to heat and moisture compared
to (CH3NH3)PbI3 [5]. However, the large and indirect band gap of 1.95 eV in Cs2AgBiBr6

affords weak sunlight absorption (see Fig. 4.1). Recent work showed that the band gap
of Cs2AgBiBr6 could be reconstructed through dilute Tl alloying [8]. Here, incorporation
of Tl+ resulted in a modest reduction in band gap, although the transition was calculated
to be direct. Incorporation of less than 1 atom% of Tl3+, on the other hand, resulted in
approximately a 0.5 eV band gap reduction while retaining the indirect band gap of the
host perovskite. Indeed Tl3+ alloying makes the optoelectronic properties of Cs2AgBiBr6

competitive with those of the APbX3 absorbers. Although the use of toxic Tl, even at small
concentrations, is undesirable for large-scale applications, this study provided the orbital
basis for reconstructing the band gap of Cs2AgBiBr6 through dilute alloying.

Building on the understanding of the effects of Tl alloying, we sought a less toxic element
that could provide similar band gap reconstruction in Cs2AgBiBr6. Our prior computational
studies revealed that band gap reconstruction can be affected by both the filled 6s shell of
Tl+ and the empty 6s shell of Tl3+ [8]. With this knowledge guiding our search, we sought to
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Figure 4.1: The conventional unit cell of Cs2AgBiBr6 is depicted on the left while the band
structure calculated with DFT–PBE is on the right; as is expected, the band gap is
underestimated at 1.11 eV and is indirect. We note that in the band structure of the
primitive unit cell, the valence band maximum is unfolded from Γ to X.

incorporate Sn into Cs2AgBiBr6 because of the similar electronic configurations of Tl+ and
Tl3+ with Sn2+ and Sn4+, respectively. Additionally, both Sn2+ and Sn4+ are known to form
halide perovskites [93, 94]. Because both Sn2+ and Sn4+ are heterovalent with respect to Ag+

and Bi3+, this study presented the opportunity of understanding both possible substitution
sites and charge-compensating defects in Cs2AgBiBr6, and how they depended on sample
morphology and synthetic conditions. Heterovalent alloying has been studied in many other
materials and is known to have a variety of effects on the host material, including modulating
carrier concentrations [95], altering the kinetics of phase transformation [96, 97], lowering
the ferroelectric transition temperature [97], inducing disorder and vacancies [98, 99], and
affecting ionic conductivity [96, 98].

Although there have been numerous attempts at incorporating small amounts of monova-
lent and trivalent metals into the lead perovskites [100, 101, 102, 103, 104, 105, 106, 107, 108,
109, 110, 111], detailed experimental characterization of the resulting materials that provide a
thorough understanding of the structural and electronic changes in the alloys are still needed.
A recent study with a computational focus explored Pb2+ alloying of Cs2AgBiBr6, which re-
sulted in a ∼0.1 eV decrease of the absorption onset [112]. In order to probe the complexities
of heterovalent alloying in Cs2AgBiBr6, a combination of single-crystal and powder X-ray
diffraction, optical absorption and photothermal deflection spectroscopy, elemental analysis
and redox titration, nuclear magnetic resonance spectroscopy, X-ray absorption spectroscopy,
scanning electron and atomic force microscopy, and band structure calculations are used to
elucidate the structural and electronic effects of Sn alloying in Cs2AgBiBr6. We show here
that Sn alloying substantially reduces the band gap of Cs2AgBiBr6, affording a low-band
gap halide perovskite free of highly toxic elements.
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4.1 Experimental measurements

The experimentalists were able to synthesize crystals and thin films of Sn–alloyed Cs2AgBiBr6

where the Ag and Bi sites were replaced with Sn (the thin films accommodated a higher Sn
content from 1–4 atom %) [9]. Furthermore they found that the samples were stable for pro-
longed exposure to heat and moisture. Depending on the concentration of Sn in the crystals
of Sn–alloyed Cs2AgBiBr6 the physical color of the crystal varies from red to black. The band
gaps were determined by analyzing UV-vis diffuse reflectrance spectra and support either a
direct band gap of 1.71 eV or an indirect band gap of 1.48 eV for a concentration of 1 atom%
Sn. The absorption onset energy initially drops quickly with increasing Sn content at low
alloying concentrations, then shows a slower reduction at high Sn concentrations, reaching a
maximum redshift of ca. 0.5 eV [9]. Photothermal deflection spectroscopy (PDS) was used
to ensure that the band gap shifts were not induced by sub-band gap trap states caused by
Sn impurities, and indeed is arising due to a band gap reduction.

Sn can adopt a 2+ or 4+ oxidation state and given the Ag and Bi nominally have a
1+ and 3+ oxidation state, respectively, either Sn oxidation state can be introduced into
Cs2AgBiBr6 with charge compensating vacancies. To determine the oxidation state of Sn in
these alloyed crystals, X-ray absorption near-edge structure (XANES) spectra at the Sn L3-
and K-edges in Sn–alloyed Cs2AgBiBr6 (1 atom% Sn) were compared to those of CsSnIIBr3

and Cs2SnIV Br6 perovskite standards. The results indicated that there is a mixture of 2+
and 4+ oxidation states in the crystal samples. Further analysis using redox titration, magic-
angle spinning solid-state 119Sn NMR all indicated a similar possible range of ratios of Sn2+

to Sn4+, in agreement with the XANES results range. Both CsSnBr3 and Cs2SnBr6 are
stable; by comparing to those NMR spectra can yield insight into the oxidation state of Sn
in the Cs2AgBiBr6 samples. To best approximation, a ratio of 2:1 Sn2+:Sn4+ was assigned,
although there is a degree of variability between samples and the uniformity of distribution
of dopants/vacancies is not well characterized.

Given that heterovalent substitution of Sn in Cs2AgBiBr6 was expected to produce
charge-compensating vacancies, inductively coupled plasma mass spectroscopy and optical
emission spectroscopy (ICP-MS/ICP-OES) were used to quantify the elemental composition
of Sn–alloyed Cs2AgBiBr6. The observed increase in the lattice parameters is consistent
with Sn being introduced into Cs2AgBiBr6; furthermore, the analysis showed that while
there is a slight decrease in the Bi concentration, there is a more substantial decrease in Ag
content, more than the predicted value for a 1:1 substitution of Sn for Ag, suggesting that
Ag vacancies are being formed as a charge–compensating mechanism with Sn alloying. Sin-
gle crystal x-ray diffraction (SCXRD) also corroborates that there is a larger fraction of Ag
than Bi missing, further corroborating the evidence that the majority of charge compensating
vacancies are on the Ag sites.

The XANES, redox titration, NMR, ICP, and SC–XRD results, taken together, indicate
that Sn2+ substitutes at the Ag+ site while Sn4+ substitutes at the Bi3+ site with an ap-
proximate ratio of 2:1 Sn2+ to Sn4+, collectively generating Ag+ vacancies as the primary
charge-compensating defect. Similar charge-compensating metal cation vacancies have been
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Figure 4.2: A) The crystal structure of Cs2AgBiBr6 and an illustration of the substitution
mechanism of Sn in crystals to yield Sn–alloyed Cs2AgBiBr6. Orange, gray, turquoise, and
brown spheres represent Bi, Ag, Cs, and Br atoms, respectively. B) Photographs of crystals
of 1 and Sn–alloyed Cs2AgBiBr6. C) UV-vis absorbance spectra of crystallites of
Cs2AgBiBr6 and Sn–alloyed Cs2AgBiBr6 converted from diffuse reflectance spectra using
the Kubelka-Munk transformation. Atom% Sn was obtained from inductively coupled
plasma analysis. D) Photothermal deflection spectroscopy (PDS) scans collected on thin
films of Cs2AgBiBr6 and Sn–alloyed Cs2AgBiBr6 (4 atom% Sn; estimated from X-ray
photoelectron spectroscopy). In the high-energy region (> 3.0 eV), PDS and UV-vis
absorbance data were combined after normalization. Adapted from [9].

observed in oxide perovskites upon heterovalent substitution [113]. We assume substitution
of Sn2+ at the Ag+ site and Sn4+ at the Bi3+ site due to the large mismatch in valence
between Sn4+ and Ag+. Additionally, substitution of Sn2+ at the Bi3+ site would require a
positively charged compensating defect, such as a Br- vacancy, which is not supported by the
ICP nor the SC–XRD results. The modest decrease of Bi content with Sn alloying suggests
that there is no significant density of Bi vacancies in Sn–alloyed Cs2AgBiBr6. We therefore
propose the formula Cs2(Ag1(2a+b)SnIIa )(Bi1bSnIVb )Br6 for Sn–alloyed Cs2AgBiBr6 crystals,
where 0.0023(1) < a + b < 0.10(2). Similar to the host lattice Cs2AgBiBr6, which exhibits
only very weak photoluminescence, the alloyed material Sn–alloyed Cs2AgBiBr6 does not
photoluminesce, consistent with its computed indirect band gap. It is also possible that the
lattice vacancies required for heterovalent alloying may act as nonradiative carrier recombi-
nation sites. Therefore, the carrier dynamics of Sn–alloyed Cs2AgBiBr6 should be studied
to assess the feasibility of charge extraction from lattices containing metal cation vacancies.

4.2 Supercell geometries

The experimental synthesis yielded structures with less than 12% concentration of Sn atoms.
In order to model these in our DFT calculations, we need to construct supercells of the
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Cs2AgBiBr6 unit cell, and replace the Ag and/or Bi sites with an appropriate number of Sn
and vacancies. Given that our calculations are periodic in all directions, one must create
symmetrically similar unit cells (i.e. create 2×1×1 or 2×2×1 or 2×2×2 supercells of the
conventional unit cell geometry of Cs2AgBiBr6 which contains 40 atoms) to ensure the sym-
metry of the supercell matches that of the original conventional unit cell. Since DFT scales
as ∼N3, with N being the number of atoms, increasing the number of atoms substantially
creates calculations which can become prohibitively expensive. As such, we make a compro-
mise between using a higher Sn concentration but determining the qualitative trends and
effects on the electronic structure as a result of introducing Sn dopants. We tested the differ-
ent configurations involving Ag and Bi substitutions that would correspond to Sn2+ and to
Sn4+. The CsSnBr3 and Cs2SnBr6 compounds both have direct band gaps, with DFT–PBE
level gaps of less than 1 eV. As such, one would expect that increasing the concentration of
Sn will eventually lead Cs2AgBiBr6 to shift from an indirect to direct gap.

4.3 Electronic structure

Our DFT calculations are performed using the generalized gradient approximation of Perdew,
Burke, and Ernzerhof (PBE) and the projector augmented wave formalism (PAW) as im-
plemented in VASP [114, 115]. The PAW potentials used here include 9 valence electrons
for Cs (5s25p66s1), 11 for Ag (4d105s1), 5 for Bi (6s26p3), 4 for Sn (5s25p2), and 7 for Br
(4s24p5). For 80 atom supercells of Cs2AgBiBr6 we perform Brillouin zone integrations on
4×4×4 Γ-centered k-point meshes, scaled proportionally for the larger unit cells, as well as
a plane-wave cutoff of 500 eV, with spin-orbit coupling taken into account self-consistently.
The structural relaxations are performed without spin-orbit coupling (SOC), allowing the
internal coordinates and volume to relax until Hellmann-Feynman forces are less than 0.01
eV/Å.

Given the nominal charge of Sn is even and those of Ag and Bi are odd, substitution
of Sn for either Ag or Bi without including charge-compensating vacancies is expected to
lead to a metallic system due to an excess of electrons. Since the measured sample is
not metallic, and the experimental data suggest that the Ag and Bi sites have reduced
occupation in Sn–alloyed Cs2AgBiBr6 relative to Cs2AgBiBr6, we introduced vacancies in
addition to the Sn substitutions. We tested four different combinations of Sn substitutions
and vacancies on Ag and/or Bi sites that would nominally result in a Sn2+ or Sn4+ oxidation
state, assuming oxidation states of Ag+ and Bi3+. For each of these substitution cases,
the total energies for each substitution of the Sn and vacancies on the different Ag and Bi
sites in the supercells were compared. In all cases, the substitutions on adjacent sites are
slightly energetically preferred (<100 meV), therefore, these configurations are used to report
the calculated band gaps. The calculated band gap (calculated with DFT–PBE–SOC) can
change by up to 0.14 eV based on the supercell configuration. However, comparison of the
lowest- and highest-energy structures reveals that the general features of the band structures
are similar, especially the orbital character of the bands at the band edges. We further
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compare the relative formation energies based on these total energies of the relaxed structures
relative to the solid elemental compounds as Eformation = (Edoped−Eundoped)+

∑
α nαµα with

the results shown in Table B.5.
We calculated the band structures for Sn–alloyed Cs2AgBiBr6 to understand the elec-

tronic consequences of Sn2+ and Sn4+ alloying in 1. Our calculations were performed using
DFT within the generalized gradient approximation of Perdew, Burke, and Ernzerhof (PBE)
as implemented in the VASP code37, 38. Spin-orbit coupling (SOC) effects were treated self-
consistently. The calculated band gap of an 80-atom supercell of 1 (we note that in the band
structure of the primitive unit cell the valence band maximum is unfolded from Γ to X)
using this method is 1.11 eV, underestimating the experimental value of 1.95 eV, as is ex-
pected for DFT–PBE–SOC and consistent with past calculations from similar computations
for (CH3NH3)PbI3.39 Accurate prediction of band gap energies requires a more rigorous
treatment of exchange and correlation effects, including electron-hole interactions, that is
currently prohibitive for the large unit cells considered here; however, our DFT–PBE–SOC
calculations are expected to capture trends, sufficient for the present study (see Supporting
Information for details).

For our DFT calculations of the band gap of Sn–alloyed Cs2AgBiBr6, we constructed
supercells in which one or more of the B-site cations were substituted with Sn, where B-site
refers to the octahedrally coordinated cation in the perovskite (Ag and Bi in 1). The inser-
tion of heterovalent Sn – which may be considered to assume nominal charges of Sn2+ or
Sn4+ – into the structure of Cs2AgBiBr6 necessitates a charge-compensating mechanism to
maintain charge neutrality, such as the formation of cation vacancies. Because of the numer-
ous permutations of possible substitution scenarios and the computational expense of using
such large supercells, we used our experimental results to guide our choice of calculations:
we considered four separate cases that could arise in nominal Sn2+ and Sn4+ substitutions,
assuming the Sn atoms and vacancies substitute only at the Ag and Bi sites, consistent with
our experimental evidence.

Case 1: Two Ag atoms were removed and replaced with one Sn and one vacancy, re-
spectively, to model nominal Sn2+ substitution at the Ag site with Ag vacancies as the
charge-compensating defect. The supercell consisted of 80 atoms, corresponding to 1.25
atom% Sn substitution. In this supercell, there were 8 different Ag sites for substitution,
thus 7 different relative arrangements of the Sn and vacancy on these sites were considered.
For all arrangements, the lattice parameters and internal coordinates were relaxed (without
spin-orbit coupling) until the forces were converged to 10 meV/Å. The arrangement with
Sn and the vacancy occupying adjacent B-sites was computed to have the lowest energy
(see B.2 for details.) The calculated band structure of this arrangement, including spin-
orbit coupling, revealed a direct band gap with a modest reduction of <0.1 eV from the
DFT–PBE–SOC band gap of Cs2AgBiBr6 (Fig. 4.3).

Case 2: One Bi atom was replaced with one Sn atom and one Ag vacancy was intro-
duced to model nominal Sn4+ substitution at the Bi site with Ag vacancies as the charge–
compensating defect. The supercell consisted of 80 atoms for a 1.25 atom% concentration of
Sn. After considering several arrangements of the Sn and vacancy (see Supporting Informa-
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Figure 4.3: DFT–PBE–SOC band structure of Sn–alloyed Cs2AgBiBr6 (1.25 atom% Sn)
with two Ag atoms removed and replaced with one Sn and one vacancy, nominally resulting
in a Sn2+ oxidation state. The band gap at the DFT–PBE–SOC level is computed to be
1.02 eV. Projections of the orbital character of the bands are shown in color in A-E), with
the projected density of states in F). Here, EF indicates the Fermi energy.
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Figure 4.4: DFT–PBE–SOC band structure of Sn–alloyed Cs2AgBiBr6 (1.25 atom% Sn)
with one Ag atom replaced by a vacancy and one Bi atom replaced by Sn, nominally
resulting in a Sn4+ oxidation state. The band gap at the DFT–PBE–SOC level is computed
to be 0.67 eV. Projections of the orbital character of the bands are shown in color in A-E),
with the projected density of states in F). Here, EF indicates the Fermi energy.

tion for details), the structure placing Sn and the vacancy at adjacent B–sites was computed
to be the lowest-energy structure, similar to Case 1. In contrast to Case 1, Case 2 resulted in
an indirect but substantially reduced DFT–PBE–SOC band gap (by 0.44 eV), in qualitative
agreement with the experimentally determined band gap reduction of 0.5 eV in crystals of
Sn–alloyed Cs2AgBiBr6 (1 atom% Sn; Fig. 4.4).

Case 3: Four Bi atoms were replaced with three Sn atoms and one vacancy to model
nominal Sn4+ substitution at the Bi site with Bi vacancies as the charge-compensating defect.
The supercell consisted of 160 atoms for a 1.875 atom% concentration of Sn. After comparing
the DFT–PBE energies of 8 relaxed structures with substitutions on different Bi sites in the
supercell, the lowest energy configuration was computed to be one in which the Sn atoms
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Figure 4.5: DFT–PBE–SOC band structure of Sn–alloyed Cs2AgBiBr6 (1.875 atom% Sn)
with four Bi atoms replaced by one vacancy and three Sn atoms, nominally resulting in a
Sn4+ oxidation state. The band gap at the DFT–PBE–SOC level is computed to be 0.49
eV. Projections of the orbital character of the bands are shown in color in A-E). Here EF

indicates the Fermi energy

and vacancy occupy adjacent sites, similar to the previous cases. The calculated DFT–PBE–
SOC band structure in this scenario had a slightly indirect band gap, while the conduction
band had a very narrow bandwidth compared to the other cases. The band gap was reduced
by 0.61 eV compared to 1, in qualitative agreement with the experimentally determined
reduction (Fig. 4.5). This could be due to the high concentration of Sn considered in the
computation, which is in excess of the concentration experimentally achieved in crystals
of Sn–alloyed Cs2AgBiBr6. Nevertheless, we expect the band structure trends from these
higher-concentration Sn supercells to be relevant to our measurements.

Case 4: One Ag and one Bi atom were each replaced with Sn atoms to model nominal
Sn2+ substitution at equivalent concentrations at each B-site. The supercell consisted of 80
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Figure 4.6: DFT–PBE–SOC band structure of Sn–alloyed Cs2AgBiBr6 (2.5 atom% Sn)
with one Ag and one Bi atom each replaced by an Sn atom, nominally resulting in a Sn2+

oxidation state. The band gap at the DFT–PBE–SOC level is computed to be 0.64 eV.
Projections of the orbital character of the bands are shown in color in A-E), with the
projected density of states in F). Here EF indicates the Fermi energy.

atoms, giving an overall concentration of 2.5 atom% Sn. The lowest-energy arrangement
contained Sn atoms on adjacent Ag and Bi sites (see Supporting Information for details).
A largely computational study of Pb2+ alloying in 1 proposes a similar mechanism.28 The
DFT–PBE–SOC band gap in this case was calculated to be direct, and reduced by 0.47 eV
relative to the band gap of Cs2AgBiBr6 (Fig. 4.6).

In Case 1, our DFT calculations indicate the direct band gap results from the introduc-
tion of Sn 5p0 character and Sn 5s2 character at Γ. In contrast, in Case 2, the Sn substitution
at the Bi site results in the introduction of a band below the CBM with Sn 5s0 character at L,
resulting in a more reduced but slightly indirect band gap (Fig. 4.4 and Table B.1). To con-
firm that the direct band gap afforded by Sn2+ alloying contributes to optical absorption, we
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calculated the magnitudes of the transition dipole matrix elements in the independent parti-
cle approximation for Cs2AgBiBr6, Sn2+-alloyed Cs2AgBiBr6 (Cases 1 and 4), and the direct
band gap semiconductor CsPbBr3 for comparison. Although the magnitudes of the transi-
tion dipole matrix elements for Sn–alloyed Cs2AgBiBr6 are smaller than those of CsPbBr3,
they are significantly greater than the negligible magnitude for Cs2AgBiBr6, supporting the
presence of an optically active direct band gap in Sn2+-alloyed Cs2AgBiBr6 (Fig. 4.8). We
additionally calculated the imaginary part of the dielectric function as a function of energy
in the independent particle approximation for Cs2AgBiBr6 and Sn2+-alloyed Cs2AgBiBr6

(Cases 1 and 4) to approximate their absorption spectra. These calculations show a lowering
in the onset energy of the dielectric functions, offering further support for the band gap
reconstruction in Sn2+- alloyed Cs2AgBiBr6 (Fig. 4.9).

Because the 5s0 orbital from nominal Sn4+ substitutions is expected to be lower in energy
than the 5p0 orbital from Sn2+ substitutions, a sample comprising both Sn2+ and Sn4+ in
comparable amounts, as is the case for Sn–alloyed Cs2AgBiBr6 crystals, would therefore be
expected to have a substantially reduced indirect band gap. In order to assess the effect of
nominal mixed valence substitution, we constructed a 320-atom supercell of Cs2AgBiBr6 and
did the following substitution in order to mimic a 2:1 Sn2+:Sn4+ alloying concentration (see
Table B.4). Given the large number of atoms, we chose a representative substitution pattern
based on the other calculations suggesting that the Sn and vacancies energetically prefer to
substitute on nearby sites rather than try all possible cases and compare the energies. The
internal coordinates were allowed to relax (again without including SOC) and then the band
structure was computed including SOC (Fig. 4.7). We find indeed that the bands hybridized
with Sn s orbitals are lower in energy than those with Sn p contributions as expected. At
very low alloying concentrations, Sn impurities should act as point-defects with relatively
flat in-gap bands. With increasing concentration, the Sn hybridizes with the Cs2AgBiBr6

bands and forms more dispersive bands which alter the electronic structure in these alloyed
cases, as corroborated through PDS measurements of Sn–alloyed Cs2AgBiBr6 films and as
we calculate here.

4.4 Transition dipole matrix elements and band

folding

When using supercells, the Brillouin zone is necessarily folded from the Brillouin zone corre-
sponding to the primitive unit cell. Therefore, there are instances where band edges appear
at different high symmetry points for the band structure of the supercell as compared to
the true primitive unit cell, such as is the case for Cs2AgBiBr6 that the valence band max-
imum appears at Γ in the band structure for the supercell, but in the primitive unit cell
is unfolded to X. This is particularly important to take into account when studying these
alloyed materials since a direct or indirect gap is of interest for their potential optoelectronic
applications.
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Figure 4.7: DFT–PBE–SOC band structure of Sn–alloyed Cs2AgBiBr6 with two Ag and
one Bi atom each replaced by Sn atoms, and 3 Ag atoms replaced by vacancies, nominally
resulting in a 2:1 ratio of Sn2+: Sn4+ in a 320 atom unit cell of Cs2AgBiBr6. The band gap
at the DFT–PBE–SOC level is computed to be 0.52 eV between the VBM at Γ and the
CBM at L. Projections of the Sn s and p character of the bands are shown in color in B.
Here EF indicates the Fermi energy. Note that due to the computational expense, a coarser
k-grid density was used with 5 k-points computed along each of the high symmetry
directions.

However, the process of band unfolding, while exact for an undoped unit cell, or in the
limit of a substitutional defect representing a weak perturbation, is not necessarily rigorous
when considering higher concentrations of alloying. There is a question as to when the
‘supercell’ of the alloyed structure is truly the smallest unit cell, and to reduce it back
to the primitive unit cell would be an approximation, since the material possesses lower
symmetry than the primitive unit cell of the undoped structure. Certainly in the case of
point defects this would seem to be valid, but with alloying concentrations above 10%, it
is less obvious whether it is truly a weak perturbation. When using the software BandUP
to unfold the band structure of Case 1, for instance, we see faint contributions both at Γ
and at X. One could either interpret this as suggesting that there are transitions allowed
at both momentum points, or one could argue that unfolding is inappropriate and that the
supercell does represent the smallest unit cell of this doped compound. In principle, one
could study this more carefully, for instance, by choosing a material where say at Γ in the
undoped material the gap is dipole forbidden but in the fully alloyed structure it is dipole
allowed. Then one could systematically reduce the doping concentration and unfold the
band structures studying the changes, however we leave this to future work.

In the case of the Sn–alloyed Cs2AgBiBr6 we want to know if what appears to be a
direct gap at Γ in the Sn alloyed Cs2AgBiBr6 is truly a dipole allowed transition. If the band
structure should be unfolded, then the gap would not be dipole allowed. As such, we calculate
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Figure 4.8: The magnitude of the transition dipole matrix elements of direct transitions
between the highest lying valence and lowest lying conduction band in the vicinity of Γ for
Cs2AgBiBr6, Sn–alloyed Cs2AgBiBr6 (alloying Cases 1 and 4, which are predicted to give
direct gaps), and for CsPbBr3, a direct band gap perovskite. Equivalent k points are
denoted; (1/2, 1/2, 1/2) corresponds to L and R in the double perovskites and in CsPbBr3,
respectively. The range of k-points plotted is from (0, 0, 0) to (0.1, 0.1, 0.1), corresponding
to the direction from Γ towards L or R, and from (0, 0, 0) to (0.1, 0.0, 0.1), corresponding
to the direction from Γ towards X.

the dipole transition matrix elements and compare them along the high symmetry directions
for the different alloyed compounds. Due to the computational expense, we do this in the
independent particle approximation, ignoring any electron–hole interactions and ignoring
local field effects. We suspect if one were to calculate these matrix elements and optical
spectra with the Bethe-Salpeter equation [116] (including electron-hole interactions), there
would be more quantitative agreement with experiment, but due to the large computational
cost, we use the independent particle approximation which should suffice for qualitative
trends.

We provide a detailed analysis of how the optoelectronic properties of the halide double
perovskite Cs2AgBiBr6 can be tuned through Sn alloying. Our results are consistent with
the following primary substitution pathway for crystals: Sn2+ substitutes at the Ag+ site
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Figure 4.9: The imaginary part of the dielectric function as a function of energy is
computed within the independent particle approximation. The undoped Cs2AgBiBr6 and
two substitution patterns are computed showing a decrease in the energy onset.

while Sn4+ substitutes at the Bi3+ site, collectively generating anionic Ag+ vacancies as the
dominant charge-compensating defect. The DFT calculations of the band structure show
that the introduction of new bands with Sn4+ 5s0 impurity character below the conduction
band minimum of the host lattice effects the large band gap reduction seen in Sn–alloyed
Cs2AgBiBr6 (1 atom% Sn), successfully mimicking the band gap reduction resulting from
Tl3+ incorporation in Cs2AgBiBr6 [8] in a nontoxic composition (Fig. 4.3). Thus, heterova-
lent alloying further expands the considerable compositional diversity of double perovskites
for finding functional analogues to the lead perovskites.
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Chapter 5

High compression-induced
conductivity in (EA)2CuBr4

“You have to make an offering to the
Hubbard U gods and pray that they give
you a value”

September 12, 2019

This chapter is primarily adapted from [117].

Layered or two-dimensional (2D) Cu-Cl perovskites are translucent yellow insulators. These
crystalline solids have been examined under pressure for decades, revealing their pronounced
structural and electronic evolution upon compression [118, 119, 120, 121, 122, 123, 124, 125].
Motivation for their study has come, in part, from their similarities to the cuprate supercon-
ductors, whose superconducting transition temperatures (Tc) show a large pressure response
[126, 127, 128]. In addition, the possibility of mechanically suppressing the Jahn-Teller (JT)
distortion of the Cu(II) centers has motivated numerous high-pressure studies [118, 119, 120,
121, 122, 123, 124, 125]. This JT distortion results from the Cu 3d9 electronic configuration
that drives a tetragonal elongation of the corner-sharing Cu-X (X = halide) octahedra (Fig.
5.1), where the elongated bonds lie along the inorganic sheets. Although the singly occupied
Cu dx2−y2 orbitals could produce a half-filled electronic band, this conduction pathway is
disrupted by the antiferrodistortive alignment of the elongated X-Cu-X axes [129, 130]. The
poor overlap between copper-derived half-filled orbitals therefore yields an electronic struc-
ture that is almost molecular in nature. Indeed, 2D Cu-X perovskites order ferromagnetically
within their inorganic layers below Tc values as high as 72 K due to the orthogonality of the
orbitals containing unpaired spins [131]. Prior efforts to remove this orbital orthogonality
through material compression [118, 120] have elicited strong structural and piezochromic
responses. At ∼ 4 GPa, 2D Cu-Cl perovskites turn translucent red and structural studies
have provided evidence for phase transitions resulting in octahedral tilting (rotations) [119,



CHAPTER 5. HIGH COMPRESSION-INDUCED CONDUCTIVITY IN (EA)2CUBR4 40

Figure 5.1: Ambient-pressure DFT-optimized structure of (EA)2CuBr4 using PBE + TS
vdW functional. The Cu atoms are at the center of the octahedra in blue, Br atoms are
shown in brown, and the organic ethyl-ammonium molecular link the inorganic layers.

121, 122], which can induce partial overlap between Cu dx2−y2-derived orbitals. However, the
materials remained insulating at these pressures. The first example of electronic transport
in a layered Cu-Cl perovskite was reported in [132], albeit at very high pressure [123]. This
conductivity was attributed to a combination of Cu-Cl bond compression and octahedral
tilting, which in concert could provide a conduction pathway. By ∼ 12 GPa, the Cu-Cl per-
ovskite (EDBE)CuCl4 (EDBE = 2,2-(ethylenedioxy)bis(ethylammonium)) appeared opaque
black and at 51 GPa a maximum conductivity of 2.9 × 104 S·cm1 was measured with an
activation energy of conduction (Ea) of 0.218(5) eV [123]. Herein we show that the pressure
required to obtain appreciable electronic conductivity in Cu-X layered perovskites can be
reduced by more than 50 GPa upon replacement of Cl with Br. Electronic conductivity as
high as 1.98(8) × 103 S·cm1 can be attained at only 2.6 GPa in a 2D Cu-Br perovskite.
Replacement of Cl with Br also yields a large decrease in the ligand-to-metal charge-transfer
(LMCT) band gap from ∼ 2.6 to 1.7 eV at ambient pressure. Compression of the CuBr
perovskite affords a large band gap reduction, leading to a band gap of ∼0.3 eV at 65 GPa,
which is projected to close at 77 GPa.

5.1 Experimental results

The (EA)2CuBr4 samples were found to undergo several structural phase transitions with
increasing pressure applied using diamond-anvil cells (DACs) as discussed in [117]. Powder
x-ray diffraction measurements (PXRD) were used to find that the volume of the α phase
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Figure 5.2: (A) Variable-pressure absorption spectra for (EA)2CuBr4 at visible and IR
wavelengths, showing the redshift of the band gap with increasing pressure up to 60 GPa.
The d-d (gray arrow) and LMCT transitions (black arrow) are clearly resolved at lower
pressures. B) Estimated band gaps from the absorbance spectra in (A) as a function of
pressure. Dotted lines indicate structural transition pressures, which coincide with changes
in the slope. C) Variable-pressure conductivity of (EA)2CuBr4. The gray area denotes the
lack of measurable conductivity (σ) below 2.6 GPa (σ < 108S · cm1). Figure adapted from
[117]

(ambient pressure structure) decreases up to 1.5 GPa at which point there is a first-order
phase transition to the β phase which is complete at 2.6 GPa. Above 4 GPa there is
increased stiffness and reduced compressibility suggestive of a second-order, isostructural
phase transition to a γ phase. Another first-order phase transition occurs above 6 GPa as
indicated by significant diffraction peak splitting to a δ phase. While there are hypotheses as
to the space group symmetries of these higher pressure phases, only the α phase is reliably
determined and has a P21/c space group.

The band gap is approximately 1.6 eV and hypothesized to arise due to a Cu d–d tran-
sition, analogous to the Cu–Cl perovskites. There is a stronger absorption onset at ∼ 1.7
eV which was assigned to a ligand-to-metal charge-transfer (LMCT) transitions from or-
bitals with bromide p character to one with mostly Cu d character. This LMCT band has a
higher-energy onset of ∼ 2.6 eV in CuCl perovskites, due to the lower-energy Cl 3p orbitals
compared to the Br 4p orbitals. Thus, replacement of Cl with Br decreases the LMCT
band gap by 0.9 eV, reflected in the color of these solids, with Cu-Cl perovskites appearing
translucent yellow and Cu-Br perovskites appearing dark purple with a metallic luster. With
increasing pressure, the band gap is greatly reduced from 1.7 eV under ambient conditions to
∼ 0.3 eV at 65 GPa (Fig. 5.2). The rate of band gap change with pressure also tracks with
the perovskite’s structural relaxation, with changes in slope occurring at similar pressures
to the α→ β and γ → δ phase transitions. After the structural phase transition at 2.6 GPa
there is an onset of conductivity with a very high value of 1.98(8) × 103 S·cm1; an order of
magnitude higher than the maximal value of the Cu–Cl perovskite which was measured at
51 GPa.
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Method a (Å) b (Å) c (Å) β(◦) Volume (Å3)
Cu–Br

equatorial
bond lengths (Å)

Experimental (unrelaxed) 11.40 7.95 7.72 109.6 658.50 2.43 / 3.14
PBE 12.29 8.14 7.72 110.3 725.05 2.44 / 3.26
PBE + TS vdW 11.90 7.99 7.45 111.6 658.52 2.43 / 3.12
PBE + D3 vdW 11.80 7.79 7.39 112.2 628.68 2.46 / 2.96

Table 5.1: Calculated lattice parameters and Cu–Br bond lengths comparing different
exchange-correlation functionals. Van der Waal’s corrections improve the lattice
parameters as expected for this hybrid organic-inorganic halide material, and in particular
PBE + TS vdW provides very good agreement with the experimental volume and Cu–Br
bond lengths, the main difference being the a lattice parameter is overestimated by 4%,
which is along the direction of the organic ethyl-ammonium molecules.

5.2 Calculation details and results

The DFT calculations were done within the VASP–PAW formalism. Two different exchange-
correlation functionals were used: 1) PBE with van der Waals corrections according to
Tkachenko–Scheffler and a Hubbard U correction of 8 eV and 2) the HSE06 functional. We
find the spin–orbit coupling has a minimal effect of the reported results and so was not in-
cluded. The energy cutoff is 520 eV and a Γ-centered k-grid of 4×6×6 is used. The pseudopo-
tentials for the calculations include 11 valence electrons for Cu (3d104p1), 7 for Br (4s24p5),
5 for N (2s22p3), and 4 for C (2s22p2). The structural relaxations are performed without
SOC, allowing the internal coordinates and volume to relax, until Hellmann–Feynman forces
are less than 0.01 eV/Å. Calculated and experimental structural parameters can be found
in Table 5.1.

The structure was relaxed, allowing the volume and internal coordinates to relax, using
spin–polarized (FM ordering on Cu atoms) until the Hellmann–Feynman forces are less than
0.1 meV/Å. Different exchange–correlation functionals were tested and PBE + TS vdW was
found to most closely reproduce the experimental structure volume (see Table 5.1 and the
Cu–Br bond lengths in the inorganic octahedral layers, while the organic ethylammonium
molecules were found to be more compressed in the DFT relaxed structure compared to the
experimental structure. To accurately calculate the electronic structure, we tested different
magnetic orderings and Hubbard U corrections on the Cu d orbitals. We find, in agreement
with prior experimental and similar theoretical works on analogous copper chloride systems
[133, 134, 135], that ferromagnetic ordering is the preferred magnetic ground state at T =
0 K with no applied pressure (for values of U from 0 to 8 eV applied to the Cu d states,
see Fig. 5.3). The coupling between the magnetic atoms is found to be weak, as evidenced
by the similarity in electronic structure between FM and AFM ordering (see below), and
we therefore use spin–polarized calculations, initialized with ferromagnetic ordering, for the
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Figure 5.3: Energies per Cu atom for different magnetic orderings (listed in terms of
intraplane/interplane) relative to having all the Cu atoms ferromagnetically aligned. The
out-of-plane coupling is weak, and the ferromagnetic ordering in-plane is slightly preferred,
for all U values calculated, over antiferromagnetic ordering.

subsequent HSE and pressure–dependent calculations presented here. We include a Hubbard
U correction of 8 eV on the Cu d states to more closely reproduce the experimental and HSE
gap for the DFT–PBE + vdW + U calculations of (EA)2CuBr4 under pressure and with
different magnetic orderings. The HSE06 calculation uses a reduced cutoff energy of 400 eV
to reduce computational expense, and is used for the density of states for both (EA)2CuBr4

and the analogous Cu–Cl perovskite.
We calculated the electronic properties of (EA)2CuBr4 and performed structural relax-

ations were performed PBE + TS vdW [136, 137]. Comparing calculated total energies for
nonmagnetic, ferromagnetic (FM) and antiferromagnetic (AFM) orderings, FM order was
found to be energetically preferred, as observed experimentally below a Tc of 11 K [138] (see
Fig. 5.3). It is important to include spin explicitly, as seen in Fig. 5.6 where performing
a non-spin-polarized (nonmagnetic) calculation results in a metallic state whereas a spin–
polarized calculation opens up a gap between the predominantly Cu–d states around the
Fermi energy. For both FM and AFM orderings, similar density of states are observed in
Fig. 5.7 indicating the weak coupling between Cu atoms. We show the computed density of
states (DOS) of the AFM and FM ordered structure at zero pressure, including a Hubbard U
correction [139]. of 8 eV on the Cu d orbitals to account for the on-site Coulomb repulsion of
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Figure 5.4: Spin-polarized density of states for (EA)2CuBr4 calculated with HSE06.

Figure 5.5: Spin-polarized density of states for (EA)2CuCl4 calculated with HSE06.

localized electrons, in Fig. 5.7. The computed DOS is qualitatively consistent with Laporte
forbidden Cu d-d transitions as the lowest-energy transition, although the states involved
also have significant halide character, as expected for anti–bonding metal–ligand orbitals.
The next highest energy occupied states below the Fermi energy have mostly Br p charac-
ter, which are consistent with dipole-allowed transitions to the conduction band minimum
(CBM) and a nominal LMCT gap. The next set of unoccupied states are 4 eV above the
Fermi energy.

We find that the Cu d states are spin split, with spin–up and spin–down orbitals below
and above the Fermi energy, respectively. We quantify the orbital contributions using our
HSE [140] calculations of the DOS for the FM phase at zero pressure (see Fig. 5.4), which
agree well with our PBE+vdW+U calculations (Fig. 5.7). The highest–energy filled state,
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Figure 5.6: Density of states for (EA)2CuBr4 calculated with DFT-PBE+vdW for
nonmagnetic (left) and ferromagnetic ordering (right).

Figure 5.7: Density of states for (EA)2CuBr4 calculated with DFT-PBE+vdW+U for
ferromagnetic (left) and antiferromagnetic ordering (right) with U = 8 eV.
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Figure 5.8: Electronic band structures for (EA)2CuBr4 calculated with DFT–PBE + TS
vdW + U = 8 eV (on the Au d states) for ferromagnetic ordering at 0 (left) and 1.53 GPa
(right).

or valence band maximum (VBM), has 75% Br p orbital character and 22% Cu d character
whereas the conduction band minimum (CBM) has 63% Cu d orbital character and 35% Br
p contributions. In the analogous Cu-Cl perovskite (Fig. 5.5), the relative contributions of
Cl and Cu states in the CBM are 30% and 69% respectively, and the VBM has 27% Cu d
character and 72% Cl p character, consistent with prior calculations [133, 134, 135]. The
greater halide contribution in the predominantly d–orbital bands of the Cu-Br perovskites
compared to the Cu-Cl perovskites corroborates the hypothesis that the Br compound pos-
sesses greater covalency, consistent with the enhanced conductivity of the Cu-Br perovskite.

To further investigate the effect of pressure on the structure, we relaxed the structure with
increasing isotropic pressure. We performed constant–pressure relaxations, and optimizing
the cell volume and internal coordinates at fixed pressure using PBE + TS vdW with U = 8
eV included on the Cu d orbitals. Here, for consistency with the DFT predicted ground state
of FM ordering, we continue only using FM ordering. Within the predicted pressure stability
range of the α phase below 2.6 GPa, we note a slight reduction in both the JT distortion
and octahedral tilting with increased pressure. We find the ratio of long and short equatorial
bond lengths from our DFT calculations for the Cu-Br octahedra to be reduced from 1.28 to
1.17. The slightly decreased octahedral tilting is evidenced by the increase of the in–plane
Cu-Br-Cu angle from 160◦ to 165◦. At a computed pressure of 20 GPa, the DFT relaxed α
phase structure continues to exhibit a reduction in JT distortion, approaching nearly equal
equatorial bond lengths, with a bond length ratio of 1.03. The computed in–plane Cu-Br-
Cu angle increases slightly to 168◦. These calculations do not include the observed phase
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Figure 5.9: Comparison for energy per Cu atom with nonmagnetic vs. antiferromagnetic
ordering as a function of pressure from 0 to 20 GPa.

transitions that are likely associated with large changes in octahedral tilting, which could
not be considered here without knowledge of the atomic coordinates of the β and γ phases.

We also investigated the preferred magnetic ordering and at ambient pressure it is found
that ferromagnetic ordering is preferred. The in-plane AFM ordering is only 10 meV/Cu
atom higher in energy, and the intralayer magnetic ordering had negligible effect on the
total energies. With increasing pressure, the ferromagnetic ordering is preferred up to 10
GPa at which point the nonmagnetic ordering becomes competitive (see Fig. 5.9 indicating a
magnetic–nonmagnetic transition. We note that the structure is relaxed at pressures between
0 to 20 GPa in 5 GPa intervals, with the α phase structure as a starting point. Thus, loss of
ferromagnetism is also consistent with the loss of orthogonality between the primarily dx2−y2
orbitals, suggesting this as a possible explanation of the emergence of greater conductivity
as the JT distortion is suppressed, though more information is needed to strongly make this
conclusion.

5.3 Conclusion

Layered Cu-Cl perovskites have shown appreciable electronic conductivity of 104S · cm1 only
at pressures exceeding 50 GPa, whereas their conductivity is ∼109 at 7 GPa. Herein we
demonstrate a six order–of–magnitude increase in conductivity in copper–halide perovskites,
upon moderate compression, through replacement of Cl with Br. A conductivity of 103S ·cm1
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can be obtained in layered Cu-Br perovskites at only 2.6 GPa, with the highest conductivity
of 101S · cm1 measured at 59 GPa. These dramatic improvements in pressured-induced
properties may be attributed to a more facile structural response to mechanical compression
and increased orbital overlap due to higher–energy and more diffuse Br orbitals relative to
the Cl analogues.

We attribute the sudden onset of electronic conductivity at 2.6 GPa in (EA)2CuBr4 to
octahedral tilting in the α→ β phase transition that can partially remove the orthogonality
between singly occupied dx2−y2–derived orbitals and provide a conduction pathway, albeit
with thinly dispersed electronic bands. The sudden onset of conductivity is more likely
due to the pressure-induced formation of half–filled electronic bands by partially relieving
the orthogonality between singly occupied molecular orbitals composed of Cu d and Br p
orbitals. At higher pressures, particularly in the γ phase when the perovskite’s compress-
ibility suddenly decreases 4–fold, we expect Cu–Br bond compression to drive the increase
in conductivity through both a reduction in band gap and increase in band dispersion.
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Chapter 6

Compositional effects on
optoelectronic properties of A8B5X23
halide perovskites

“Not to beat a dead horse, but...”

February 23, 2019

In this last chapter related to halide perovskites, we studied a material which demonstrates
how different connectivities are possible within the 3D bulk perovskite structure. If one
considers a 2×2×2 supercell of a conventional ABX3 perovskite and remove the face-center
octahedra, then one is left with corner sharing octahedra around the supercell face edges and
an unconnected octahedra in the centre. In the material studied, the octahedra along the
edges are formed of Au atoms on the B site and Cl atoms as the halide anion. Interestingly,
the experiment indicates that these are only fully occupied octahedra and there is only 5/6
of the nominal Cl charge surrounding these Au atoms, which will be discussed further in
the calculation details. The central octahedron is fully coordinated, but the B site was
synthesized with both Bi and In. These were also synthesized with Br instead of Cl as the
halide anion. This presents a certain amount of complexity for modeling these materials, as
based on charge counting the Au atoms is actually d8 and the lack of fully coordinated corner
octahedra means that we must introduce a vacancy, since if we include 6 Cl atoms the system
is no longer charge balanced and indeed has metallic character when calculated. As such,
we treat spin explicitly and perform spin polarized calculations in order to accommodate
the open d shell of the Au atoms and need to carefully consider the effect of disorder on the
optoelectronic properties calculated.
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Figure 6.1: Cs8Au4InCl23 structure. The Au, Cl, In, and O atoms are denoted by orange,
green, purple, and turquoise respectively. This structure is achieved by starting from a
conventional 3×3×3 supercell of a halide perovskite, ABX3, and removing the octahedra
on the face centers. As such, there is a corner-sharing network or AuCl6 octahedra around
the edges surrounding an isolated InCl6 octahedron in the body-center. In order to be
charge neutral, one of the octahedra actually has 5/6 electron occupancy in order to
achieve the unique chemical formula of A8B5X23 in the case where the B-site cation has a
3+ oxidation state. In this Cs8Au4InCl23 case, the corner Au–Cl octahedra is found to
have 5/6 electronic occupancy by experiment. There is chemical flexibility in terms of the
composition of this material, and it has synthesized with In, Bi, and Sb occupying the
center of the body-center octahedra (here depicted with In).

Cs8Au4InCl23 Cs8Au4BiCl23 Cs8Au4InBr23 Cs8Au4BiBr23 Cs8Au4+xIn1−xCl23

Eg

(expt.)
1.97 eV 1.79 eV 1.49 eV 1.55 eV

1.26 eV
(x = 0.12)

Table 6.1: The measured band gaps of different Cs8Au4XCl23 chemical compositions:
comparing different center B-site cations; X = In, Bi; and Au alloying on the In site.

6.1 Experimental results

Experimentally, a number of related structures were synthesized [141] with different central
octahedra B-site cations (In, Bi, and Sb) as well as different halide anions (Cl and Br). These
changes had noticeable effects on the measured band gap as shown in Table 6.1.

6.2 Structural details and electronic structure

We perform calculations with VASP–PBE with an energy cutoff of 500 eV and a 7 × 7 × 7
k-grid density. We include 13 electrons as valence for In; 9 for Cs; 11 for Au; and 5 for



CHAPTER 6. COMPOSITIONAL EFFECTS ON OPTOELECTRONIC PROPERTIES
OF A8B5X23 HALIDE PEROVSKITES 51

Figure 6.2: Cs8Au4InCl23 structure. We test removing a Cl atom from the four different
octahedral environments: corner, two edge-centers, and body-center which are labeled 1, 2,
3, and 4 respectively.

Bi in our pseudopotentials. Interestingly, Au is nominally in a 3+ oxidation state (from a
simple counting argument – in order for the structure to be charge neutral, since there are
{8×Cs1+} + {In3+/Bi3+} + {23×Cl1−} this leaves the 4 Au atoms to assume the remaining
12+ charge). Therefore, this implies that Au has an open d shell and can be in a high or
low spin state with its 6 d electrons. We perform spin-polarized calculations, including a
Hubbard U = 3 eV on the Au d states. We find that even when initializing the spins on
the Au atoms with a high spin configuration that it relaxes to having negligible magnetic
moment, suggesting that initializing in a low spin configuration is reliable. We also tested
the effect of spin-orbit coupling, given that the material contains heavy elements, and while
it does have a small effect on the electronic structure as discussed later, the atomic structure
is not affected by the inclusion of SOC.

One unique challenge in calculating this material, is that with 23 chlorine atoms, one of
the gold octahedra is not fully coordinated. The experimentalists find that there is disorder
such that there is 5/6 electron occupancy for the corner octahedron. We decide to model
this by removing one of the chlorine atoms such that the corner octahedra are five-fold co-
ordinated. While this may result in a change in the connectivity, we tested the effect on the
energetics depending on which chlorine is removed from that corner octahedra, and further-
more in comparison with removal of the chlorine from different octahedra. We compared
removing the Cl from different octahedra in the crystal structure by calculating the total
energy using the high symmetry, cubic structure without relaxation. We find that removing
the Cl from the corner octahedron, labeled 1 in Fig. 6.2, is energetically preferred by 23
meV/atom over removal from the edge-center octahedra (labeled 2 and 3 in Fig. 6.2) and by
39 meV/atom over removal from the body-center octahedron (4); these trends did not change
upon constant volume relaxation. This is in line with the experimental structural refinement
suggesting that it is the corner octahedron which has 5/6 Cl occupancy. One can rationalize
this since the corner octahedra has the least orbital overlap with the central octahedra and
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Figure 6.3: The total energy per atom of the Cs8Au4InCl23 structure with the Cl atom
removed from the different octahedra, labeled in accordance with 6.2. There is little
variation depending on which chlorine atom from a given octahedron is removed; the
exception being the cases denoted by: ∗ where the Cl is that which is shared on the c
direction with 1 and ∗∗ where the Cl is that which is shared on the a direction with 1. The
difference in energy between removal from octahedron (2 or 3) and 1 is 23 meV, between
removing Cl from octahedra 4 and 1 is 39 meV, suggesting that it is slightly energetically
preferred for the Cl to be removed from the corner octahedron.

is only influenced by the Au–Cl scaffolding. Furthermore the Jahn-Teller distortion is less
pronounced in the corner octahedra as compared to the edge-center octahedra, as further
explicated below in the structural comparison.

In the experimental synthesis, both fast and slow cooling was used during the sample
preparation with slightly varying results. As such, both a high-symmetry, cubic Pm3̄m
structure and a lower-symmetry, tetragonal P4mm structure are reported. It is believed
that during the fast cooling, the halide vacancies remain disordered throughout the sample
and there is an averaging of their spatial locations resulting in a cubic structure. However,
during the slow cooling there appears to be a symmetry reduction based on the PXRD
patterns measured on the powder samples. This tetragonal distortion is likely due to an
ordering of the halide vacancies on the corner octahedra. There is a distortion of the Au–Cl
bond lengths in the corner octahedra which reflects this with the corner Au has equatorial
bond lengths of 2.29 Å and the axial bond length opposite the vacancy is 2.92 Å; however
due to the small change in lattice parameters the SC–XRD was not sufficiently precise to
determine the change in lattice parameters.

It was found that including the Hubbard U correction on the Au d states and spin–
orbit coupling did not have a large effect on the structural relaxations (see Table 6.2 and
Table 6.3). We performed relaxations starting from both the cubic and tetragonal lattice
parameters provided from experiment. The main difference between these relaxations are
that when starting from the tetragonal structure, the compression along the direction of
the vacancy was slightly smaller, but only by less than 0.5% of the lattice parameter. As
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Expt
Cubic
Pm3̄m

Expt
P4mm

Relaxed
from Pm3̄m

(no U/no SOC)

Relaxed
from Pm3̄m

(with U/with SOC)

Relaxed
from P4mm

(no U/no SOC)

a (Å) 10.48 10.42 10.82 10.81 10.82
b (Å) 10.48 10.38 10.68 10.67 10.72
c (Å) 10.48 10.42 10.82 10.81 10.82

volume (Å3) 1150.07 1147.65 1250.33 1246.15 1255.75
Eg (eV) 0.13 0.69 0.68 0.73

Table 6.2: The computed DFT–PBE lattice parameters for the experimental lattice
parameters (first two columns; resulting from the slow and fast cooled synthesis processes)
and after relaxation (remaining three columns; starting from the experimental cubic lattice
parameters in columns 3 and 4 and the experimental tetragonal lattice parameters in the
final column) and computed band gaps for Cs8Au4InCl23, initialized in a low–spin
configuration. The experimental band gap is measured to be 1.97 eV.

Experimental
Cubic Pm3̄m

relaxed from Pm3̄m
(no U / no SOC)

a (Å) 10.51 10.85
b (Å) 10.51 10.74
c (Å) 10.51 10.85

volume (Å3) 1161.93 1264.05
Eg 0.31 eV 0.76 eV

Table 6.3: DFT–PBE lattice parameters after relaxation and computed band gaps for
Cs8Au4BiCl23, initialized in a low–spin configuration. The experimental band gap is
measured to be 1.79 eV. Since starting from either set of experimental lattice parameters
had minimal effect on the fully relaxed structure of Cs8Au4InCl23, and including a U on the
Au d electrons and including SOC also had minimal effect, here we simply start from the
cubic lattice parameters and use PBE for the relaxation.

one might expect given the difference in atomic size, the lattice parameters with Bi in the
isolated body-center octahedron are slightly larger than the analogous structure with In.
We find these effects to make a difference in terms of the degree of octahedral tilting in the
structure as discussed later.

The difference in our calculated DFT–PBE band gaps are small, where the Cs8Au4InCl23

gap is only 80 meV smaller than the Cs8Au4BiCl23 gap; as one would expect using PBE we
are underestimating the experimental band gaps. Qualitatively the trends are in contrast to
the experimental results which indicate that the Cs8Au4BiCl23 gap is smaller by 180 meV.
The structural differences between the fully relaxed tetragonal phases of these two materials



CHAPTER 6. COMPOSITIONAL EFFECTS ON OPTOELECTRONIC PROPERTIES
OF A8B5X23 HALIDE PEROVSKITES 54

(a) DFT–PBE orbital projected band structure
for Cs8Au4InCl23.

(b) DFT–PBE orbital projected band structure
for Cs8Au4BiCl23.

Figure 6.4: The DFT–PBE orbital projected band structures for (a) Cs8Au4InCl23 and (b)
Cs8Au4BiCl23. The Fermi energy is set to zero in both cases (note the y-axes are of
different scales). In both cases, the center B site (In or Bi) do not contribute at the band
edges. The In contributions are negligible in the vicinity of the Fermi energy (less than
< 1% and the Bi s are hybridized with bands that are ∼0.8 eV below the Fermi energy,
below the VBM which lies nearly at EF . This suggests that the structural effects due to
the different lattices strongly influence the band gap.

are rather small, mainly resulting in the difference in the lattice parameters. With the larger
Bi atom, one would expect larger lattice parameters in agreement with our calculations. As
such, the orbital overlap is reduced and therefore the dispersion of the bands in the calcu-
lated electronic band structure is reduced, resulting in slightly flatter bands and therefore a
slightly larger band gap. In contrast, a smaller lattice leads to more orbital overlap, greater
dispersion, and slightly smaller band gap. This geometrical argument appears to be suffi-
cient to explain the small differences in band gaps in our calculations, if not the experimental
results. We also examine the projections of the orbital character of the bands (see Fig. 6.4)
and find that neither indium nor bismuth contribute to the VBM or CBM, suggesting that
while they do change the lattice parameters since they have different atomic sizes, so the
Cs8Au4BiCl23 lattice is slightly larger than that of Cs8Au4InCl23, they do not directly affect
the band edge properties due to their chemistry.

However, we note that during the relaxation from cubic to tetragonal the change in
octahedral tilting, therefore orbital overlap and band gap, do change significantly. For both
Cs8Au4InCl23 and Cs8Au4BiCl23 we begin from the cubic phase and linearly interpolate the
structure to the relaxed structure, which include octahedral tilting as depicted in Fig. 6.5.
Computing the band structure, we see a significant opening of the band gap, and slight
flattening of the bands, as the distortion increases shown in Fig. 6.6 for the cubic/tetragonal
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Figure 6.5: Structural distortion that occurs when relaxing using DFT–PBE from the cubic
structure, the final structure is a tetragonal P4mm structure. We note that the octahedral
tilting that occurs is similar to that of Cs8Au4BiCl23, and we see a compression along the
axis of the missing Cl atom.

endpoints of Cs8Au4InCl23 and for Cs8Au4BiCl23 in Fig. 6.7. As such, it suggests that the
degree of structural disorder in the samples, depending on the synthesis where how quickly it
is cooled determines whether the structure is able to form the high symmetry cubic phase or
the lower symmetry tetragonal phase, would have an effect on its optoelectronic properties.
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Figure 6.6: Here we show the DFT–PBE computed band structures of Cs8Au4InCl23 in the
cubic phase on the left and in the relaxed tetragonal phase on the right. The internal
coordinates are allowed to relax while keeping the volume constant. we find that the
octahedral tilting results in slightly flatter bands and an opening up of the band gap.

Figure 6.7: Similar to Fig. 6.6, here we show more interpolated structures from the cubic
to tetragonal structure but for the Cs8Au4BiCl23 structure and we see a similar effect to
Cs8Au4InCl23. The increased tilting causes a flattening of the bands and an opening of the
band gap.
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Chapter 7

Design of low work function
perovskite oxide heterostructures

“Back in the good ol’ days of 2015”

October 19, 2018

7.1 Motivation for thermionic devices

Understanding and controlling work functions, or band edge energies, is of interest for a
variety of applications in optoelectronics and energy conversion. In particular, while recent
advances in device design have improved the feasibility of thermionic generators, new low
work function materials are needed to enable their widespread use. Current state of the art
technology involves layers of Cs or W(001) surfaces or other such coverage-based approaches
[142], however these elements can be reactive and coat the inner surface of a device. We
thus approach the problem of designing a low work function material through designing
heterostructures such that a coating layer is not needed. In the simplest model the work
function is related to the dipole moment at the surface, or polarization per unit area, and
so the problem is reduced to designing a material with a large out-of-plane polarization
at the surface. Without compensating metallic electrodes enforcing short-circuit boundary
conditions, electrostatics generally inhibits a large dipole moment via the depolarization
field with the boundary conditions at the surface (D = 0), which is also known to reduce the
Callen effective charges by almost an order of magnitude when compared to the bulk Born
effective charges.

Perovskite-based oxides (ABO3) are a diverse class of materials that, depending on the
transition metal atoms on the A and B sites, can give rise to myriad emergent and collective
phenomena. Our aim is to lower the work function by creating a strong dipole moment at
the surface of the material. We use DFT calculations to examine how the work function of
one such oxide, SrRuO3, can be tuned by polar or near-polar ultra-thin overlayers in order to
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Figure 7.1: A slab of SrRuO3 is constructed with 15 Å of vacuum between slabs. A
monolayer or bilayer of a ferroelectric, or near-ferroelectric, perovskite oxide is layered on
the surface. A dipole correction is introduced in the vacuum layer to correct for spurious
interactions between slabs.

overcome the D=0 boundary conditions and create a polar surface structure with a positive
dipole moment in order to achieve a lower work function. This is achieved through chemical
substitution that will naturally break the compositional inversion symmetry at the surface
with a thin perovskite oxide overlayer, either a monolayer or bilayer.

All of the calculations are done with the VASP–PAW formalism using the PBE exchange-
correlation functional with spin-polarization. The plane-wave energy cutoff was 520 eV. The
structure for the 5 atom Pm3̄m unit cell for SrRuO3 was optimized with an 11×11×11
Monkhorst-Pack k -point mesh while the slab calculations were done with only 1 k -point
in the direction of the vacuum layer, including a dipole correction in the vacuum layer to
account for the spurious electric field arising from the periodic boundary conditions. Density
functional perturbation theory (DFPT) as implemented in VASP was used to calculate the
Born effective charges.
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Figure 7.2: We average the electrostatic potential along the z-direction, here assumed to be
the direction perpendicular to the slab surface. Computing the work function (the
difference between the Fermi energy and the vacuum energy) for either termination is not
affected by the symmetric or asymmetric terminations of the slab with a thick enough layer
of SrRuO3 and the dipole correction included.

7.2 Intuition from electrostatics

We explore how ultrathin films can be used to tune the work function of an oxide. Using a
monolayer on the SrRuO3 substrate we break the inversion symmetry by varying the surface
chemical motif. Due to this and the lattice mismatch between the different oxides we as-
sume any net polarization will be along the z-direction, where the surface will tend towards
a pattern analogous to ferroelectric ordering with the oxygen octahedra and A/B cations
displacing in opposite directions. These distortions along the z-direction would contribute
to a surface dipole moment affecting the heterostructure’s work function. There is a linear
relationship between the change in work function Φ and dipole moment p based on electro-
statics ∆Φ ≈ 4π∆p/A from the 1D solution to Poisson’s equation. Therefore in order to
achieve as large a reduction as possible it follows the surface polarization should be as large
as possible since polarization ~P is related to the dipole moment through ~P = ~p/Ω. Based on
this, as a rough estimate one would need a polarization on the order of 2µC/cm2 to achieve
a 1 eV reduction in the SrRuO3 work function. This is a relatively small polarization for a
typical ferroelectric, considering that the well known example of BiFeO3 has a polarization
close to 100 µC/cm2. Therefore that a ferroelectric with a far more modest polarization
would in principle result in such a large reduction of the work function suggests that ferro-
electric overlayers are promising for work function tuning; since the polarization is coupled
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to the structural order parameter, one could conceivably vary the change in work function
by coupling to that structural order parameter.

We initially consider a monolayer of SrTiO3 on the SrRuO3 substrate, where a monolayer
is considered to be one unit cell consisting of individual SrO and TiO2 layers. The SrRuO3

substrate was found to match the experimental work function value at a thickness of five
unit cells and 15 Å of vacuum was used between slabs, including a dipole correction [143]
to account for the spurious electric field arising between adjacent slabs. The SrTiO3 in-
plane lattice parameters were constrained to 3.99 Å to match SrRuO3 then allowed to relax
out of plane. Upon relaxation, we find the monolayer increased the work function by only
+0.12 eV, which is significantly lower in magnitude than would be expected based on the
bulk properties. We can understand the variation in work function through the polarization
of the SrTiO3 monolayer, which can be estimated by analyzing the effective charges and
displacements of the atoms. Effective charges are calculated using DFPT and they are
referred to differently depending on the boundary conditions under which they are calculated.
The Born (transverse) and Callen (longitudinal) effective charges denoted Z∗(T ) and Z∗(L)

respectively, are appropriate for bulk and surface boundary conditions, respectively, and are
defined to first order as follows

Z
∗(T )
κ,αβ = Ω0

∂Pα
∂τβ
|E=0 (7.1)

Z
∗(L)
κ,αβ = Ω0

∂P

∂τβ
|D=0 =

∑
j

Z
∗(T )
κ,αj

1
ε∞βj

(7.2)

for an atom κ, where α, β denote the Cartesian directions, Ω is the unit cell volume, P
the polarization, τ the displacement, E and D the electric and electric displacement field
respectively, and ε the dielectric function. We compute these quantities for the atoms in the
overlayers using DFPT in order to understand the computed change in work function. As
implemented in VASP, the static dielectric matrix is computed from the linear Sternheimer
equation. From the dielectric matrix, Z∗ can be computed as derivates of the Hellmann-
Feynman forces using finite-differences [144].

7.3 Monolayers and bilayers

The Born effective charges illustrate the coupling between atomic displacements and polar-
ization. They can be anomalously large in perovskite oxides, almost twice the nominal ionic
charge indicating that perovskites have a large potential for developing significant polariza-
tions with small atomic displacements. We focus on the Z∗3,3 component, the component of
the Callen charge tensor perpendicular to the slab surface, since we only need to consider
the out-of-plane components to determine the changes in work function. As an aside, the
diagonal components in bulk are identical and the surface components parallel to the slab are
also essentially the Born effective charges[145]. However, as seen in Table 7.1, the effective



CHAPTER 7. DESIGN OF LOW WORK FUNCTION PEROVSKITE OXIDE
HETEROSTRUCTURES 61

Z∗3,3(bulk) Z∗3,3(surface)

Sr 2.53 0.23
Ti 7.74 1.20
O1 -6.19 -0.96
O2 -2.04 -0.30

Table 7.1: The effective charges for SrTiO3 comparing the 3,3 components of the effective
charge tensor for the atoms in the bulk versus at the surface, demonstrating that the
boundary conditions have a large effect on the magnitude of the effective charges.

Figure 7.3: The panel on the left indicates the setup of the slab surface where a single
monolayer of SrTiO3 is on the slab of SrRuO3 (the total unit cell calculated includes 5 unit
cells of SrRuO3 and 1 unit cell of SrTiO3 with 15 Å of vacuum) while the panel on the right
indicates the atomic displacements upon relaxation of the SrTiO3 monolayer on SrRuO3.

charges are strongly affected by boundary conditions [145]. At the surface where D=0 they
are reduced by almost an order of magnitude from the bulk Born effective charges.

Furthermore, in the case of a single layer of SrTiO3 the displacement of the atoms com-
pensate for the difference in magnitude between atomic effective charges and so these two
effects are in competition with each other resulting in a negligible dipole moment at the
surface. Although there are large distortions, the net dipole moment is close to zero and
therefore we see a minimal shift in work function.

This combination of oxides does not yield a strong deviation from the ideal centrosym-
metric structure and so we tested if we could enhance the effect using heterovalent and
chemical substitution by using a monolayer of LaAlO3. We do see a reduction with ∆Φ =-
0.15 eV following the same method as before, constraining the LaAlO3 layer to only relax
perpendicular to the surface along the z-direction. Again, the effective charges and atomic
displacement are such that the overall dipole moment is small, showing the tendency for the
system to relax to a non-polar ground state which is consistent with what one expects from
a depolarization field counteracting any surface polarization according to the electrostatic
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Z∗3,3(e) (bulk) Z∗3,3(e) (surface) Z∗3,3(e) (monolayer on SrRuO3) ∆z (Å)

Sr +2.53 +0.23 +0.06 +0.20
Ti +7.74 +1.20 +0.49 −0.10
O1 −6.19 −0.96 −0.69 +0.03
O2 −2.04 −0.30 −0.50 −0.01

La +4.50 +0.91 +0.37 +0.34
Al +2.90 +0.65 +0.64 −0.06
O1 −2.50 −0.44 −0.32 +0.08
O2 −2.43 −0.48 −0.66 −0.05

Table 7.2: The 3,3 component of the effective charge tensor for SrTiO3 and LaAlO3 in
three different structures: bulk, surface, and as a monolayer on a slab of SrRuO3. The last
column shows the displacement of atoms after relaxation along the direction perpendicular
to the surface.

boundary conditions.

Bilayers

A single monolayer does not break the inversion symmetry at the slab surface enough for a
significant polar ground state to form. We thus move towards using bilayers composed of two
different oxides in an effort to more strongly break the inversion symmetry at the surface.
Our 10 atom unit cell bilayer lacks chemical inversion symmetry and this ensures that the
ground state of the overlayer is inherently polar. As seen in this paper [146] investigating
(A1/3A

′
1/3A

′′
1/3)BO3 and A(B1/3B

′
1/3B

′′
1/3)O3 structures that the different compositional or-

dering can lead to “self-poling” in the bulk. In our heterostructures, the reference structure
is already polar ensuring a nonzero dipole moment at the surface. We again try to increase
the structure’s polarization through chemical substitution on the A and B site as well as
exploring isovalent and heterovalent substitutions. Since these effects depend strongly on
the cell volume [147] we construct the bilayer as follows as shown in Fig. 7.4: each material
to be used in the bilayer is first optimized in a bulk cubic phase. A bulk bilayer unit cell is
then formed with a single 5 atom unit cell of each perovskite oxide, constrained to match
the in-plane lattice parameters of SrRuO3 but allowed to relax along the z-direction while
keeping the total (doubled) unit cell volume constant. The bilayer is then placed on 5 unit
cells of SrRuO3 to form the final slab structure after which the bilayer is again allowed to
relax along the z-direction. When denoting the bilayers, the first one named is that which
is adjacent to the SrRuO3 substrate and the second is adjacent to the vacuum layer.

Given the difference in valence charge states one might have expected a larger effect on
the surface dipole moment by including LaAlO3, however the more critical variable seems to
be ion size mismatch as seen in comparing the tolerance factor to dipole moment in Fig. 7.5.
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Figure 7.4: The idealized cubic geometry for the bilayers is constructed as shown above. A
cubic unit cell is constructed from monolayers of each overlayer material which is relaxed
constraining the in-plane lattice parameters to that of SrRuO3. This is then placed on the
SrRuO3 slab and allowed to relax again along the z-direction, and the atomic
displacements are taken from this last step. For consistency moving forwards, when
denoting the bilayer the material listed first is adjacent to SrRuO3 and the second is
adjacent to vacuum i.e. this is an SrTiO3/LaAlO3 bilayer.
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Figure 7.5: Change in bulk SrRuO3 work function with the bilayer compared to the dipole
moment of the 10 atom bilayer. The bilayers are also labeled with the tolerance factor (in
red) which were calculated for the ideal 10 atom cubic unit cell of the bilayer.

The tolerance factor (defined as t = rA+rO√
2(rB+rO)

for an ABO3 perovskite), which can be used

to determine the degree of distortion in a perovskite structure, is very close to unity for the
LaAlO3/SrTiO3 10 atom unit cell. We also find the SrTiO3/SrTiO3 bilayer further shifts
the work function close to the bulk SrTiO3 value; as the thickness of the overlayer increases
the work function will tend towards the overlayer’s bulk Φ value.

Examining several different bilayer configurations, as shown in Fig. 7.5, shows that we are
able to achieve changes in work function approaching 1 eV and these are for the bilayers which
present the greatest deviation from unity of the tolerance factor. Although all the bilayers
have a certain degree of distortion, similar to the monolayers, with large size mismatch
and deviations in unity for the tolerance factor, the short range forces associated with local
bonding environment overcome the long-range electrostatics driving the polarization to zero.

If we look at two of these cases more closely, we can see the competition between the
effective charges and atomic displacements. In the case of the SrTiO3/LaAlO3 bilayer, the
atoms which have large effective charges, La and the oxygen in the TiO2 layer and AlO2

layers, negate each other’s effects. Meanwhile, Al and Ti have the largest effective charges
but have minimal displacements upon relaxation. The net result is a minimal dipole moment
and so the work function remains nearly the same as for the SrRuO3 slab alone.

It is interesting to compare the trends with the monolayers in the previous section to
the bilayer composed of SrTiO3 and LaAlO3 (see Fig. 7.7). The bilayers are severely dis-
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Figure 7.6: The atomic displacements of the SrTiO3/LaAlO3 bilayer from the ideal cubic
unit cell are shown on the left. The atomic layers go from SrO (which is adjacent to the
SrRuO3 substrate), TiO2 (the two oxygens have the same values but only one column is
shown here), LaO, and AlO2 (adjacent to vacuum). The right panel indicates the (3,3)
component of the effective charge tensor for each atom in the SrTiO3/LaAlO3 bilayer.

torted upon relaxation on the substrate and display similar displacement patterns to the
individual monolayers. However, the distortions effectively limit the polarization since the
positively charged cations displace in opposite directions and the oxygens generally have
small displacements. In the situation the oxygen does displace significantly, the magnitude
of their respective effective charges are such that they compensate for the positive ion dis-
placements so the sum of the all the ionic contributions, approximated to first order as
Pz ≈ e

Ω

∑
atoms

Z∗3,3u3, effectively limits the net dipole moment. This again results in a small

effect on work function where the SrTiO3/LaAlO3 bilayer yields ∆Φ ≈ 0.02 and compara-
tively, the inverted bilayer, LaAlO3/SrTiO3, results in ∆Φ = +0.2 eV. The larger changes
from the inverted bilayer is likely due to the lattice mismatch between LaAlO3 and SrRuO3,
being closer to 3% compared to the <1% difference between SrTiO3 and SrRuO3. In having
LaAlO3 adjacent to the substrate and constraining the in-plane lattice parameters to match
SrRuO3, there is more distortion in the bilayer along the z-direction forming a larger dipole
moment than in the SrTiO3/LaAlO3 bilayer.

However, the SrTiO3/SrZrO3 bilayer results in a work function decrease of 0.97 eV. Again,
while Ti has a large effective charge, its displacement is minimal. However, the ZrO2 layer
features large displacements and large effective charges, and while the displacements are in
the same direction, they do not completely negate each other as in the previous case.

This suggests that only looking for atoms with large effective charges is insufficient to
finding an overlayer which would change the work function. Rather the atomic displacements,
which are influenced by the atomic sizes (and therefore reflected in the tolerance factor) are
potentially more important. The ion size mismatch is consistent with the finding that larger
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Figure 7.7: Change in the atomic positions along the z-direction upon relaxation on the
SrRuO3 substrate.

Figure 7.8: The atomic displacements of the SrTiO3/SrZrO3 bilayer from the ideal cubic
unit cell are shown on the left, in analogy to Fig. 7.6. The right panel indicates the (3,3)
component of the effective charge tensor for each atom in the SrTiO3/SrZrO3 bilayer.
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deviations from unity of the tolerance factor correspond to larger bilayer dipole moments
Fig. 7.5. The atomic sizes of Ni < Ti < Ru < Zr and the trend of decrease in the work
function with those overlayers corresponds to those with larger ionic radii. Therefore, one
strategy could be to aim for a larger B site cation adjacent to the vacuum so that upon
relaxation it will displace into the vacuum in order to accommodate the difference in size,
and thereby cause a reduction in the work function.

Furthermore, the ion size mismatch has been suggested as a signifier of non-centrosymmetric
metals [148] and hyperferroelectrics [149]. Traditional ferroelectrics are characterized by an
unstable TO mode. A new class of materials, originally predicted for the ABC semiconduc-
tor family, termed hyperferroelectrics, are predicted to sustain a nonzero polarization under
D = 0 boundary conditions whereas any polarization in a traditional ferroelectrics would
be negated if the depolarization field is unscreened. This property of the hyperferroelectrics
is typified by having an unstable LO mode as well as an unstable TO mode [149]. Re-
cently [150] has proposed a group of Li based perovskite oxides as belonging to this class of
hyperferroelectrics; although the LiBO3 materials in [150] are not cubic, it would be interest-
ing to examine the effect of constraining them to the SrRuO3 substrate and other possible
non-centrosymmetric metals, also known as “polar metals” (though both are used in the
literature, the latter is potentially more confusing since because they are still metallic they
don’t present a macroscopic polarization in bulk). An unstable LO mode would indicate the
system is impervious to D = 0 long range fields that act against the polarization and hence
such systems are in principle well-suited to this problem.
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Chapter 8

High throughput workflow for
discovery of ferroelectric and
multiferroic materials

“Back in the day of artisanal
calculations instead of these
mass-produced ones”

October 6, 2017

Multiferroic materials are those which display more than one ferroic ordering at the same
time. This can be any combination of ferroelasticity, ferroelectricity, or ferromagnetism
(see Figure 8.1. We are particularly interested in those which combine ferroelectricity with
magnetism, not only ferromagnetic (aligned spins) but also antiferromagnetic (anti-aligned
spins) and ferrimagnetic (anti-aligned spins with unequal magnetic moments) orderings.
These materials are actively researched since they have promising application in technological
devices. In current nanodevices, the magnetic degree of freedom is used to store information,
while the electric degree of freedom is used to transmit information. Having a material which
can be used to control both these degrees of freedom not only would lead to miniaturization
of such devices, but also towards more energy efficient devices if one can achieve electric
field control of magnetic degrees of freedom. When there is an explicit low-order coupling
between the electric and magnetic degrees of freedom, then it is a magnetoelectric multiferroic
material, which is particularly exciting for the prospect of electric field control of magnetic
properties since electric fields require less energy to generate than magnetic fields. While
this is an active area of research and there has been much work in designing multiferroic
functionality in thin films, heterostructures, and domain walls, there remains a dearth of
bulk, single-phase materials that display large electric and magnetic polarizations at room
temperature. We took the approach of developing a fully automated workflow to screen
material databases for magnetic and ferroelectric properties to try to find new single-phase
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Figure 8.1: Mulitferroic materials are those which simultaneously display more than one
ferroic ordering. Ferroelectrics, ferromagnets, and ferroelastics are characterized by having
a spontaneous polarization P , magnetization M , or strain ε respectively. These in turn are
controlled by electric fields E, magnetic fields H, and stress σ. Beyond coexistence, there
can also be cross-coupling between these different order parameters, such as in a
magnetoelectric multiferroic where the polarization can be controlled by a magnetic field or
the magnetization by an electric field. Figure adapted from [151].

multiferroic materials.
The first two sections of this chapter are largely adapted from [11].

8.1 High-throughput calculations

High throughput screening of materials databases is an increasingly popular and powerful
approach to search for new materials with desired properties. In order to be efficient, one
has to balance performing electronic structure theory calculations which are accurate enough
to capture the desired property but also relatively computationally inexpensive such that
it is possible to perform the calculations on tens of thousands of materials. Furthermore,
automation of these calculations to not only submit, run, and identify errors in the calcula-
tions is essential to minimize the time a user needs to spend actively involved in performing
the calculations. Automation of the post-processing analysis is also beneficial to this end.
High-throughput calculations have been successful for such properties as batteries and ther-
moelectrics. We are also developing a workflow to screen for multiferroic materials, those
which simultaneously exhibit magnetism and ferroelectricity which is further discussed in
Chapter 8. Below we outline some of the software tools and general process in developing a
high-throughput workflow. A workflow is simply a series of calculations to be performed if
certain specified criteria are met.

The Materials Project (MP) database [152] provides structural information on both ex-
perimentally known and theoretically proposed materials. The MP API allows one to interac-
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tively query the MP database and there are several software tools that have been specifically
developed to interface with MP, though are general enough to apply to other databases as
well. These are pymatgen [153], which provides analysis of electronic structure theory cal-
culations, fireworks [154], a code which can be used to develop, run, and manage workflows,
and atomate [155]. atomate allows one to use a preexisting workflow, and modify it if needed,
as well as design one’s own workflow. A firework is made up of individual firetasks – such as
writing input files, submitting a calculation, moving the output files to a new directory – and
each firework should therefore be thought of as one DFT step that one wants to perform. An
atomate workflow is then comprised of several fireworks with conditions that have to be met
for each successive firework to be executed. One example would be to calculate the band
structure of a material, one would have a firework to do a static DFT calculation, another
to do a non-self-consistent calculation with the band structure path, and then one could
include a post-processing step to create a plot, extract information such as the band gap.

8.2 Ferroelectric workflow overview

High-throughput screening of material databases integrated with first-principles calculations
has been increasingly successful in the discovery of new functional materials [156, 157, 158,
159]. A remaining challenge is that while many of the individual components for performing
high-throughput searches exist, the infrastructure needed to connect and automate all the
necessary components is still under development. The identification of ferroelectrics through
symmetry arguments has been an active area of research [160, 161, 162, 163, 164, 165, 166,
167, 168, 169, 170, 171]. Moreover, lists of known ferroelectrics have been previously curated
[172, 173, 174, 175, 176, 177, 178]. However, the identification of new ferroelectrics has yet
to be automated in a manner readily applicable to emerging materials databases [179, 180,
181, 182, 183, 184, 185]. Automated high-throughput searches for ferroelectric candidates
would provide a valuable guide for in-depth computational studies and experimental efforts.

Ferroelectrics have important technological applications, such as in tunable capacitors,
non-volatile random access memory devices, and electro-optical data storage. In addition,
ferroelectrics are capable of displaying couplings between their electronic degrees of freedom
with magnetic or lattice degrees of freedom in multiferroic materials. Ferroelectricity of-
ten arises from a structural phase transition between a high-symmetry nonpolar structural
phase to a low-symmetry polar structural phase with decreasing temperature, resulting in
the emergence of a spontaneous polarization [186, 187, 188]. In this scenario, the atomic
geometry of the nonpolar structure can continuously distort such that the new polar struc-
ture has a subset of the symmetries of the original structure, satisfying the requirements of
a second-order phase transition; in these cases, the polar space group must be an isotropy
subgroup of the nonpolar space group, which is a stronger requirement than they only share
a simple group-subgroup relation [189, 190, 191].

Thus, certain ferroelectrics can be systematically screened by searching for pairs of non-
polar and polar structures related by a small symmetry-breaking distortion. In the late
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1980s, Abrahams performed some of the earliest searches for ferroelectrics in crystallographic
databases using symmetry criteria [160, 161]. More recently, automated searches for new
ferroelectric candidates have used symmetry arguments to identify nonpolar reference struc-
tures for existing polar materials [162, 163, 164]. Other studies have used a combination
of group theoretic and first-principles calculations to propose ferroelectric candidates [165,
166, 167]. Bennett and co-workers proposed using high-throughput calculations to perform
chemical substitution into structures of known classes of ferroelectrics [168, 169, 170]. Recent
work used high-throughput phonon calculations to identify ferroelectrics through polar soft
phonon modes of nonpolar phases [171].

In this work, we integrate density functional theory (DFT), crystal structure databases,
symmetry tools, workflow software, and a custom analysis toolkit to build a workflow capable
of generating libraries of known, previously-proposed and newly-proposed ferroelectrics. This
workflow is general and can be used with any crystal structure dataset. This automated work-
flow has three stages: symmetry analysis, first-principles calculations, and post-processing.
Recent work has also developed a separate automated, high-throughput workflow to screen
for the magnetic ground state of inorganic materials [192] which includes ferromagnetic,
antiferromagnetic, and ferrimagnetic orderings. Through adapting these workflows we can
screen the Materials Project database for multiferroics, by first finding those materials which
pass our symmetry checks, find their magnetic ground state and compute their polarization
from first-principles, and perform further post-processing analysis.

We present the results from performing the ferroelectric workflow on the Materials Project
database of inorganic crystal structures [179]. We screened over all the 67 000 materials, the
number which were present in the Materials Project database at the time, using symmetry
relations between nonpolar and polar structure pairs and calculating the polarization from
first-principles calculations. We identify 255 ferroelectric candidates, of which 200 are la-
beled as “high-quality” by the post-processing analysis. We discuss a few of the candidates
which result from this search, in particular BiInO3 and BiAlO3 which have previously been
predicted to be ferroelectric, mechanistically similar to BiFeO3, but of which there is little
experimental literature on their synthesis. We then outline the ongoing work to integrate
the magnetic ground state search. The dataset is open source and the code to perform the
workflow has been contributed to the open-source python packages atomate and pymatgen
so others can conduct searches of their own and build directly on this work [153, 155].

Prior work developed the first fully automated workflow to search for ferroelectric prop-
erties [11]. While representing a major development in screening for these properties and
automating calculations of polarization using the Berry phase approach, it still missed sev-
eral well-known ferroelectric, and also by consequence multiferroic, materials due to some
limitations in the approach. While the calculations were spin-polarized, only ferromagnetic
ordering was assumed, which is not necessarily the magnetic ground state ordering for many
materials and when assigned can lead to metallic band structures for materials which nomi-
nally are insulating in their correct magnetic ground state. Furthermore, the effect of U has
not been benchmarked and while the calculations are done at the level of PBE+U, the U
values used are based on a specific benchmark which may not be the most appropriate to
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capture the magnetic ordering.
We start by choosing a crystal structure database on which to perform the search. We

emphasize that any crystallographic database (e.g. any of the databases described in [179,
180, 181, 182, 183, 184, 185]) can be used to perform our workflow, as long as the atomic
coordinates and lattice parameters of the structures are provided. The automated nature of
our ferroelectric search relies on strict symmetry criteria. As described in the Structure Selec-
tion section, we pre-screen our candidate nonpolar-polar structure pairs using the symmetry
tools in pymatgen and spglib to ensure that these pairs satisfy preliminary group-subgroup
relationships. We then use the Structure Relations symmetry tool provided by the Bilbao
Crystallographic Server (BCS) [193, 194, 195] to impose the symmetry criteria described in
the Workflow Overview, namely, to obtain a transformation matrix connecting the lattice
parameters and atomic coordinates of the structure pair [196, 197]. The BCS has a freely
available web interface for accessing a wide variety of symmetry tools. We create python
scripts to automate interaction with and scrape returned data from the BCS to perform our
symmetry checks using the python package mechanize [198]. This symmetry requirement is
motivated by Landau theory of second-order phase transitions. One could relax this symme-
try criteria, since a ferroelectric switching between its two polar states does not follow such
a structural distortion through the high-symmetry phase, (though using the high-symmetry
nonpolar structure does facilitate calculation of the polarization from first-principles) and as
such one could simply use the polar structure and its enantiomorph in future work.

Within the chosen database, we perform a symmetry analysis to find candidate materials
possessing nonpolar-polar structure pairs related by a continuous symmetry deformation.
Any such pairs found to satisfy the symmetry deformation criteria are stored in the Distortion
Database as being deformable by symmetry. This criteria includes the following conditions:
1) The polar structure belongs to a space group that is a subgroup of the space group of the
nonpolar structure; and 2) There exists a transformation matrix between the high-symmetry
setting of the nonpolar structure to the low-symmetry setting of the polar structure. The
latter imposes that the distortion of the lattice parameters and atomic coordinates between
the nonpolar and polar structures is continuous, meaning the polar structure belongs to an
isotropy subgroup of the nonpolar structure.

We then carry out DFT calculations on the candidate pairs to extract the changes in
the band gaps, total energies, and polarization along the nonpolar-polar distortion. These
results are stored in a Workflow Database and then accessed by our Computing Resources
to perform the calculations. Next, the information stored in the Distortion, Workflow, and
Calculation Databases is used together to post-process quantities such as the computed
spontaneous polarization and to validate ferroelectric candidates using experimental and
previous first-principles results. The information needed to assess the quality and properties
of the candidates is then added to the Candidate Database where it can be accessed by
our web interface for viewing the candidate materials in aggregate. Finally, candidates are
screened to ensure the polarization and energy profile across the nonpolar-polar distortion are
smooth and continuous, meaning that all calculations ended correctly and provide reliable
results.
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The Materials Project database is largely based on structures from the Inorganic Crystal
Structure Database (ICSD) [182, 183] and includes hypothetical structures created through
stoichiometric substitution and we use this database for our workflow. Our results for the
Materials Project are not intended as the most general curated list of ferroelectrics; however,
as an automatically obtained list of ferroelectrics, they uncover new candidates and provide
a starting point for further studies. More elaborately curated lists may be constructed by
applying our workflow to additional databases in future studies, since it is modular and open-
source, for instance using less stringent symmetry requirements or as we describe below to
search for multiferroics.

The ferroelectric workflow presents 413 nonpolar-polar structure pairs in the Materials
Project database that are compatible with a second-order phase transition as ferroelectric
candidates and DFT calculations of total energy, band gap, and polarization were performed
for these structures pairs. The dataset generated offers the first opportunity to compare a
large number of known, previously proposed, and new ferroelectrics side by side with the
same methodology. We believe by setting strict criteria for ferroelectricity and casting a
wide-net using high-throughput searches, we will find candidates that challenge and ad-
vance our understanding of ferroelectric phenomena. The infrastructure provided by the
Bilbao Crystallographic Server, FireWorks, pymatgen, and atomate is crucial to being able
to perform these types of searches efficiently.

BiInO3 and BiAlO3

The workflow uses symmetry requirements and first-principles calculations to find candidate
materials which are insulating and either have nonmagnetic or ferromagnetic, it does not
assume any other magnetic ordering. This workflow resulted in 255 material candidates, of
which 126 are not previously reported as ferroelectric. Based on Landau theory of phase
transitions, a nonpolar and polar structure pair are identified which can undergo a second
order phase transition, and using these structure pairs the DFT total energy difference,
polarization, distance of the maximum atomic distortion are reported. The DFT-PBE + U
band gap is also reported for the polar structure of the material.

To validate these predictions, information such as the stability of these predicted phases is
an important consideration. One can restrict the results to those which had an energy above
the convex hull of less than 50 meV and sort the materials based on predicted spontaneous
polarization values. Doing so leads to BiAlO3 and BiInO3, which from the workflow is
predicted to have a polarization of 80.3 µC/cm2 and 64.7 µC/cm2 respectively and while
previous theory papers have identified as a potential ferroelectric material with a similar
mechanism to BiFeO3, there is little information on the synthesis of these materials.

The high-throughput workflow identified two separate polar-nonpolar structure pairs
which obeyed the symmetry criteria for a second-order phase transition and passed through
the workflow criteria. Both have the Pna21 as the polar structure, however in one case the
nonpolar reference structure is Pm3̄m which has a 0.465 eV energy difference between it and
the polar structure and the energy above the convex hull of the Pm3̄m phase is nearly 0.5
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eV. The other structure pair involves Pna21 and an orthorhombic Pnma nonpolar reference
structure which is only 40 meV above the convex hull, there is a smaller distortion pathway
to the polar structure with only an 11 meV total energy difference. We studied this structure
pair for BiInO3 in more detail.

Our density functional theory calculations are similarly calculated to the high-throughput
workflow, using PBE [16]. We perform Brillouin zone integrations on a 4×3×4 Γ-centered
k-grid and a plane-wave cutoff of 520 eV. However, unlike the workflow, spin-orbit coupling is
taken into account self-consistently. Given that BiInO3 contains heavy elements which would
likely have strong spin-orbit coupling effects, we recalculated the energy per atom across the
distortion pathway, again simply done by linearly interpolating the atomic positions between
the polar and nonpolar structures in eight steps.

The polarization is computed from first-principles by linearly interpolating the atomic
positions between the nonpolar and polar structure. Eight interpolations are performed from
which the polarization branch is reconstructed and the energy per atom is also reported along
the distortion pathway, which for a typical ferroelectric would form a double well potential
where the nonpolar phase is higher in energy than the polar structures. In this case, there is a
large energy barrier along this distortion pathway suggestive of an antiferroelectric transition,
but the size of the barrier is approximately 160 meV suggesting this is energetically difficult
to switch. Upon recalculating this energy barrier including spin-orbit coupling, we find that it
remains close to 160 meV, consistent with the observation by experiment that even upon large
electric field application the nonpolar structure cannot be switched to the polar structure;
the band gap of the polar structure is slightly reduced to 2.52 eV. BiAlO3 does not have
this energy barrier and indeed its energy profile is more indicative of a typical ferroelectric,
but we cannot ascertain from these calculations why the experimental synthesis is difficult
to achieve.

This suggests that while the results from the workflow are promising, careful scrutiny
should be paid to the energy profile along the distortion pathway from the nonpolar to polar
structure, since large energy barriers are prohibitive to practical switching. Furthermore,
while the workflow identifies candidates, further calculations should be done to validate the
materials which include heavy elements since the energy barrier and band gap can change
upon inclusion of spin-orbit coupling. While not relevant for BiInO3 or BiAlO3, materials
which are suspected to have other magnetic orderings should also be further validated by
checking whether an antiferromagnetic ordering is energetically preferred to ferromagnetic,
since this is not checked in the workflow [11].

8.3 Including search for other magnetic orderings

As previously mentioned, recent work [192] developed an automated high-throughput work-
flow to screen materials for their magnetic ground state. This is a complicated process, since
the unit cell to accommodate the magnetic ordering can be larger than the primitive unit
cell of the material. As such, at a very high-level overview, it first identifies the atoms in
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Figure 8.2: A high-level overview of the strategy to screen for multiferroics.

a material that are likely to be magnetic, based on presets from the Materials Project. La-
beling those atoms separately, it enumerates different collinear magnetic orderings, always
including FM ordering, and then enumerates different AFM orderings within the original
unit cell, then creates increasingly larger supercells which can accommodate other AFM
orderings (see details in [192]). These possible orderings are ranked from most symmetric
to least symmetric and structural relaxations followed by static calculations are performed
on the eight most symmetric orderings using DFT–PBE + U. The magnetic ordering which
yields the lowest total energy is taken to be the ground state ordering. The Hubbard U
values are not tuned, and are only taken from the Materials Project default settings, and
it is known that this can have a large influence on the ordering. As well, some well-known
Type-II multiferroics have noncollinear magnetic orderings which would not be captured by
this workflow since we are restricted to collinear orderings. As such, while this workflow
should not be taken to definitively determine the magnetic ground state, it does correctly
identify if an AFM ordering is preferred over FM correctly in over 95% of the benchmark
set (comprised of 64 materials with experimentally known, collinear magnetic orderings from
the MAGNDATA dataset [199], mostly involving d electrons but also materials with Gd and
Eu are included) and correctly identifies the experimentally verified magnetic ordering in
over 60% of cases. As such, this is sufficient for our purposes to identify materials which
do have a magnetic ordering and would continue through the remainder of the ferroelectric
workflow.

One potential issue is in a case where the polar and nonpolar materials are predicted
to have different magnetic orderings. One option could be to interpolate the magnetic
moments as well as the structures in the distortion pathway when computing the polarization.
However, it is not necessarily true that in a physical system when a ferroelectric material
is switched, the material actually goes through this high-symmetry nonpolar structure and
rather it is a construct used to calculate the polarization from first-principles and follows from
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a Landau argument for a second-order phase transition. As such, it is not really physical
to assume the magnetic moments would similarly undergo such an artificial transition as
well. Therefore, instead materials that fall into this case would be flagged as a possible
magnetoelectric – since the different magnetic orderings for different symmetries suggest a
possible coupling between the ferroelectric and magnetic degrees of freedom – and the polar
structure’s magnetic ordering will be applied to all interpolated structures when computing
the polarization. As with all the results from these high-throughput workflows, we aim to
perform accurate enough calculations to capture if the desired property is likely to occur in
a material, but expect to need to perform more rigorous calculations on the final candidates.

Another consideration is ensuring the polar and nonpolar structures are the same sized
unit cell after determining the magnetic ground state. The magnetic ordering may require a
supercell of the original unit cell of the polar or nonpolar structure. However, to perform the
interpolation we match the atomic positions of the polar and nonpolar structure and linearly
interpolate between them. If, for instance, the polar structure requires a larger supercell to
accommodate the magnetic ordering, we must first determine the transformation matrix
used to generate the supercell and apply it to the nonpolar structure before continuing with
the interpolation procedure.
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Chapter 9

Conclusions

“I feel basically I’m too tired to
say anything”

October 19, 2018

In this dissertation, we have used advanced electronic structure methods to study materials
away from their bulk ground states. Pressure, strain at interfaces, and chemical substitutions
can all be used to manipulate materials to exhibit properties different from those present un-
der ambient conditions. While pressure was previously known to yield surprisingly complex
structures for elemental lithium, we find that it also leads to topologically nontrivial behav-
ior above 80 GPa, suggesting that pressure can be used to achieve interesting topological
features in other light elemental solids. A structurally diverse set of halide perovskite mate-
rials were studied. Dilute alloying with Sn was shown to successfully reduce the band gap of
Cs2AgBiBr6 demonstrating that heterovalent alloying can further expand the compositional
diversity in these systems; halide substitution affects the structure of (EA)2CuBr4 and helps
enable an enormous change in conductivity with applied pressure; and chemical and struc-
tural changes in Cs8Au4InCl23 also strongly affect its optoelectronic properties. Similarly,
perovskite oxides are a diverse materials class and atomically thin layers can tune the work
function of a SrRuO3 substrate by almost 1 eV; coupling to a ferroelectric structural order
parameter could further enhance the variation in work function. Lastly we explore how
high throughput computation can be used to discover new materials with desirable proper-
ties through carefully chosen symmetry and first-principles based criteria. The wide variety
of materials studied, from elemental solids to doping with heavy elements in a quaternary
system, displays the generality and flexibility of the Kohn-Sham DFT formalism to predict
novel, experimentally relevant properties of real and complex materials.
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[119] R. Valiente and F. Rodŕıguez. In: Phys. Rev. B 60 (1999), pp. 9423–9429.

[120] K. Ohwada et al. In: Phys. Rev. B 72 (2005).
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phases
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Table A.1: Optimized lattice parameters (DFT–LDA) for phases of Li considered in this
work

Pressure Space Group a (Å) b (Å) c (Å) Fractional coordinates

0 GPa Im3̄m 3.360 3.360 3.360 Li1 2a 0.000 0.000 0.000

10 GPa Fm3̄m 4.389 4.389 4.389 Li1 4a 0.000 0.000 0.000

40 GPa I4̄3d 5.272 5.272 5.272 Li1 16c 0.549 0.549 0.549

70 GPa Aba2 6.789 8.062 5.014 Li1 8b 0.907 0.884 0.337
Li2 8b 0.137 0.597 0.523
Li3 8b 0.032 0.883 0.743
Li4 8b 0.649 0.232 0.661
Li5 8b 0.710 0.588 0.460

80 GPa Pbca 4.412 4.365 7.951 Li1 8c 0.176 0.051 0.026
Li2 8c 0.421 0.155 0.174
Li3 8c 0.368 0.335 0.345

100 GPa Cmca-24 7.622 4.280 4.267 Li1 16g 0.333 0.391 0.154
Li2 8f 0.000 0.671 0.064

220 GPa Cmca-56 15.687 3.855 3.847 Li1 16g 0.143 0.334 0.939
Li2 16g 0.215 0.602 0.652
Li3 16g 0.428 0.864 0.376
Li4 8f 0.000 0.943 0.333

350 GPa P42/mbc 3.597 3.597 4.192 Li1 8h 0.667 0.552 0.000
Li2 8g 0.628 0.128 0.250

450 GPa R3̄m 2.118 2.118 4.598 Li1 6c 0.000 0.000 0.148

500 GPa Fd3̄m 2.830 2.830 2.830 Li1 8a 0.000 0.000 0.000
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Table A.2: Generators of space groups discussed above 40 GPa [200]

Space Group Symmetries in Seitz Notation

I4̄3d {1|0}
{2001|1201

2
}

{2010|01
2

1
2
}

{3+
111|0}
{m1−10|14

1
4

1
4
}

{1|1
2

1
2

1
2
}

Pbca {1|0}
{−1|0}
{2001|1201

2
}

{2010|01
2

1
2
}

Cmca {1|0}
{−1|0}
{2001|01

2
1
2
}

{2010|01
2

1
2
}

{1|1
2

1
2
0}

P42/mbc {1|0}
{−1|0}
{2001|0}
{4+

001|001
2
}

{2010|12
1
2
0}

R3̄m {1|0}
{−1|0}
{2110|0}
{3+

001|0}
{1|2

3
1
3

1
3
}

Fd3̄m {1|0}
{−1|0}
{2001|34

1
4

1
2
}

{2010|14
1
2

3
4
}

{2110|34
1
4

1
2
}

{3+
111|0}
{1|01

2
1
2
}

{1|1
2
01

2
}
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Substitution
Total Sn

concentration
(atom%)

Formula Calculated Eg

None 0 Cs2AgBiBr6 1.11 eV
Indirect

(expt = 1.95 eV;
indirect)

Sn2+ @ Ag+ → Ag+ vac 0.625 Cs2Ag0.875SnII0.0625BiBr6 1.07 eV
Direct

Sn2+ @ Ag+ → Ag+ vac 1.25 Cs2Ag0.75SnII0.125BiBr6 1.02 eV
Direct

Sn2+ @ Ag+ → Ag+ vac 2.5 Cs2Ag0.5SnII0.25BiBr6 0.10 eV
Indirect

Sn2+ @ Ag+ → Ag+ vac 5 Cs2SnII0.5BiBr6 1.46 eV
Indirect

Sn4+ @ Bi3+ → Ag+ vac 1.25 Cs2Ag0.875Bi0.875SnIV0.125Br6 0.67 eV
Indirect

3Sn4+ @ 3Bi3+ → Bi3+ vac 1.875 Cs2AgBi0.75SnIV0.1875 Br6 0.49 eV
Indirect

2Sn2+ @ 50/50 Ag+/Bi3+ 2.5 Cs2Ag0.875SnII0.25 Bi0.875Br6 0.64 eV
Direct

2Sn2+ @ 50/50 Ag+/Bi3+ 20 CsSnIIBr3 0.29 eV
Direct

Sn4+ @ Bi3+ → Ag+ vac 10 Cs2 SnIV Br6 1.41 eV
Direct

Sn2+ @ Ag+ → no vac 1.25 Cs2Ag0.875SnII0.125BiBr6 Metallic
Sn4+ @ Ag+ → 3Ag+ vac 1.25 Cs2Ag0.5BiSnIV0.125Br6 Metallic

Table B.1: The various substitution patterns in Sn-alloyed Cs2AgBiBr6 for which band
structures have been calculated. “Vac” indicates a vacancy. The oxidation states in the
‘Substitution’ column indicate the nominal oxidation state of the substitution based on the
atomic site substituted and vacancies being introduced.
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Sn2+ @ Ag+ → Ag+ vac

Coordinates
of Sn

Coordinates
of vacancy

Energy relative
to lowest-energy

configuration (meV) (Å)
(0.0, 0.0, 0.5) (0.5, 0.0, 0.0) 14.2
(0.0, 0.0, 0.5) (0.0, 0.5, 0.5) 0.0
(0.0, 0.0, 0.5) (0.5, 0.5, 0.5) 42.8
(0.0, 0.0, 0.5) (0.25, 0.0, 0.5) 17.4
(0.0, 0.0, 0.5) (0.75, 0.0, 0.5) 17.2
(0.0, 0.0, 0.5) (0.25, 0.5, 0.0) 16.1
(0.0, 0.0, 0.5) (0.75, 0.5, 0.0) 19.3

Sn4+ @ Bi3+ → Ag+ vac

Coordinates
of Sn

Coordinates
of vacancy

Energy relative
to lowest-energy

configuration (meV) (Å)
(0.0, 0.0, 0.5) (0.0, 0.0, 0.0) 0.0
(0.0, 0.0, 0.5) (0.5, 0.0, 0.0) 140.6
(0.0, 0.0, 0.5) (0.0, 0.5, 0.0) 0.3
(0.0, 0.0, 0.5) (0.5, 0.5, 0.5) 139.7
(0.0, 0.0, 0.5) (0.25, 0.0, 0.5) 111.6
(0.0, 0.0, 0.5) (0.75, 0.0, 0.5) 110.0
(0.0, 0.0, 0.5) (0.25, 0.5, 0.0) 157.1
(0.0, 0.0, 0.5) (0.75, 0.5, 0.0) 157.2

2Sn2+ @ 50/50 Ag+/Bi3+

Coordinates of
Sn @ Ag+

Coordinates of
Sn @ Bi3+

Energy relative
to lowest-energy

configuration (meV) (Å)
(0.0, 0.0, 0.0) (0.0, 0.5, 0.0) 0.0
(0.0, 0.0, 0.0) (0.25, 0.5, 0.5) 79.3
(0.0, 0.0, 0.0) (0.5, 0.0, 0.5) 135.9
(0.0, 0.0, 0.0) (0.75, 0.0, 0.0) 29.3
(0.0, 0.0, 0.0) (0.75, 0.5, 0.5) 80.3

Table B.2: The spatial locations of the Sn atom(s) and/or vacancy and total energy of the
relaxed structure computed with DFT–PBE in a 2×1×1 supercell (lattice parameters a =
22.50 Å, b = c = 11.25 Å), calculated for various substitution patterns. The qualitative
features of orbital hybridization in the electronic band structures are insensitive to the
configuration. “Vac” indicates a vacancy.
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3Sn4+ @ 3Bi3+ → Bi3+ vac

Coordinates
of vacancy

Coordinates
of Sn1

Coordinates
of Sn2

Coordinates
of Sn3

Energy relative
to lowest-energy

configuration (meV) (Å)
(0.0, 0.0, 0.0) (0.25, 0.0, 0.0) (0.0, 0.25, 0.0) (0.0, 0.0, 0.5) 1.3
(0.0, 0.0, 0.0) (0.25, 0.25, 0.5) (0.25, 0.0, 0.0) (0.0, 0.25, 0.0) 0.5
(0.0, 0.0, 0.0) (0.25, 0.25, 0.5) (0.0, 0.25, 0.0) (0.0, 0.0, 0.5) 2.4
(0.0, 0.0, 0.0) (0.25, 0.25, 0.5) (0.25, 0.0, 0.0) (0.0, 0.0, 0.5) 0.0
(0.0, 0.0, 0.0) (0.0, 0.5, 0.5) (0.5, 0.0, 0.5) (0.5, 0.5, 0.5) 324.7
(0.0, 0.0, 0.0) (0.0, 0.0, 0.5) (0.5, 0.0, 0.5) (0.5, 0.5, 0.5) 326.0
(0.0, 0.0, 0.0) (0.0, 0.0, 0.5) (0.0, 0.5, 0.5) (0.5, 0.5, 0.5) 323.9
(0.0, 0.0, 0.0) (0.0, 0.0, 0.5) (0.0, 0.5, 0.5) (0.5, 0.0, 0.5) 328.5

Table B.3: The spatial locations of the Sn atoms and vacancies and total energy of the
relaxed structure computed with DFT–PBE in a 2×2×1 supercell (lattice parameters a =
b = 22.50 Å, c = 11.25 Å) for nominal substitution of Sn4+ at the Bi3+ site and Bi3+

vacancies. The qualitative features of orbital hybridization in the electronic band
structures are insensitive to the configuration. “Vac” represents a vacancy.

2 Sn2+ @ 2 Ag1+ → 2 Ag1+ vac and 1 Sn4+ @ 1 Bi3+ → 1 Ag1+ vac
Site Coordinates Substitution
Ag (0.0, 0.0, 0.0) Sn
Ag (0.0, 0.25, 0.25) Sn
Bi (0.5, 0.0, 0.25) Sn
Ag (0.0, 0.5, 0.0) vac
Ag (0.25, 0.25, 0.0) vac
Ag (0.25, 0.0, 0.25) vac

Table B.4: Substitution pattern for the nominal mixed valence substitution case in a 320
atom supercell.

Substitution Total energy per atom (eV) Energy relative to undoped (eV)
none -3.405 0

Sn2+ @ Ag+ → Ag+ vac -3.437 1.654
Sn4+ @ Bi3+ → Ag+ vac -3.405 2.721
2Sn2+ @ 50/50 Ag+/Bi3+ -3.423 -1.289

Table B.5: The relative formation energies for the doped structures calculated based on
Eformation = (Edoped − Eundoped) +

∑
α nαµα where α denotes the atomic species and the µα

is the energy per atom for the respective elemental solids.
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Appendix C

(EA)2CuBr4 and (EA)2CuCl4
structural details

a (Å) b (Å) c (Å) Volume (Å3)
Cu–Cl

bond length (Å)
short/long/out of plane

Experiment 21.18 7.47 7.35 1162.88 2.29 / 2.98 / 2.28
After relaxation 21.75 7.38 7.30 1171.59 2.29 / 2.96 / 2.34

Table C.1: (EA)2CuCl4: relaxed from experimental structure from [201]. Comparing lattice
constants after relaxation where the volume and internal coordinates were allowed to relax
using PBE + TS vdW with FM ordering.



APPENDIX C. (EA)2CUBR4 AND (EA)2CUCL4 STRUCTURAL DETAILS 104

Pressure (GPa)
axial Cu–Br
bond length

(Å)

equatorial Cu–Br
bond length

(Å)

Cu–Br–Cu
angle

lattice
parameters

(Å)

0 2.51 3.12 / 2.43 159.8◦ 11.90 / 7.99 / 7.45
0.59 2.50 2.98/ 2.44 163.0◦ 11.70 / 7.84 / 7.32
0.91 2.49 2.94 / 2.44 164.4◦ 11.60 / 7.76 / 7.30
1.53 2.48 2.87 / 2.45 164.9◦ 11.54 / 7.65 / 7.24

5 2.46 2.38 / 2.69 166.4◦ 11.21 / 7.34 / 6.89
15 2.50 2.32/ 2.31 168.7◦ 10.95 / 6.81 / 6.25
20 2.47 2.28 / 2.29 167.7◦ 10.76 / 6.70 / 6.13

Table C.2: Change in Cu–Br octahedral bond lengths, bond angle, and lattice parameters
with increasing pressure. All calculations were done with the α phase as the starting point
and with constant pressure applied, allowing the volume and internal coordinates to relax.
We note there is reduced Cu–Br distortion with increasing pressure. Above 5 GPa, the α
phase is no longer observed experimentally, but without further structural details, we
continue using it as the starting point for the high pressure structural relaxations.
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