AR
W Durham

University
Durham E-Theses

Local Exchange Potentials in Density Functional
Theory

THOMAS WILLIAM HOLLINS

How to cite:

HOLLINS, THOMAS WILLIAM (2014) Local Exchange Potentials in Density Functional Theory.
Doctoral thesis, Durham University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a https://etheses.durham.ac.uk/id/eprint/10932/ is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
https://etheses.durham.ac.uk


https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/10932/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk

Local Exchange Potentials in
Density Functional Theory

Thomas William Hollins

A thesis submitted in partial fulfilment
of the requirements for the degree of
Doctor of Philosophy

Department of Physics
University of Durham
2014



Local Exchange Potentials in Density Functional Theory

Thomas William Hollins
Abstract

DFT is a method that deals efficiently with the ground state many-electron problem. It
replaces the solution of the many-electron Schrodinger’s equation with an equation to
determine the electronic density alone. In the Kohn-Sham (KS) scheme, this density is
obtained as the ground state density of a fictitious system of non-interacting electrons.
The aim is to determine the local potential for these electrons so that their density
equals the interacting density of the physical system. This potential is the sum of the
electron-nuclear attraction, the Hartree repulsion from the density and finally the ex-
change and correlation potential. The central approximation in DFT is the functional
form of the exchange-correlation potential. The most basic approximate functionals are
explicit functions of the electron density. More sophisticated approximations are or-
bital dependent functionals or hybrids of density and orbital dependent functionals. In
this work we present the implementation of some accurate local exchange potentials,
the exact exchange (EXX) potential, the local Fock exchange (LFX) potential and an
approximation to EXX, the common energy denominator approximation (CEDA) poten-
tial. The EXX potential minimises the Hartree-Fock (HF) total energy and is calculated
using perturbation theory and the Hylleraas variational method, improving upon previ-
ous implementations. Optimising a local potential that adopts the HF density as its own
ground state density, gives the LFX potential, which is simple to calculate and physically
equivalent to the EXX potential. Both the EXX and LFX methods are extended to be
applicable to metallic systems. The implemented potentials are used to calculate the
electronic band structures for semiconductors, insulators, antiferromagnetic insulators
and metals. For the semiconducting, insulating and metallic systems studied, the LFX
method gives very similar results to EXX. In the systems characterised by stronger cor-
relations, we observe a small disparity between the two exchange methods. When com-
pared to experiment, the results are surprisingly accurate, given the complete neglect of
correlation in these calculations. This is remarkable for the strongly correlated systems
and also for the simple metals, given the well-known qualitative failure of Hartree-Fock
for metals. The fundamental gap of a system is the sum of the KS eigenvalue gap and
a correction known as the derivative discontinuity. The exact derivative discontinuity
for a system is derived from ensemble density functional theory, thus allowing the full
calculation of fundamental band gaps. Approximate forms of the discontinuity for the
local density approximation (LDA), generalised gradient approximations (GGA), EXX
and LFX are also derived and implemented. Contrary to the accepted wisdom, that
the derivative discontinuity for local approximations (LDA/GGA) vanishes, calculated
LDA and GGA fundamental band gaps give a much improved result over the corre-
sponding Kohn-Sham band gaps, with accuracy comparable to EXX and LFX KS band
gaps. Finally the derivative discontinuity using exact exchange and an orbital dependent

correlation functional was also derived but not implemented.
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Chapter 1

Introduction

1.1 Introduction

The large advances in computational power in the last decades increasingly allow the in-
vestigation of the physics of materials via numerical simulations. These can complement
the interpretation of experimental results or to make predictions that can be tested by
experiment. Simulations can also be used to investigate material properties that would
be extremely labourious to reproduce, prohibitively expensive to attempt or inaccessible
to experiment.

This thesis demonstrates new methods and theories for the accurate calculation of the
electronic structure of condensed matter systems. We adopt a first principles approach,
starting from the basic building blocks of materials, namely the positively charged nuclei
and the negatively charged electrons and, by modelling their interactions without knowl-
edge derived from experimental results, calculate the electronic structure of a material.[1]

While the interactions between a set of electrons and nuclei is basic quantum mechan-
ics, the large number of particles in a material and the consequent interactions between
these particles create an almost intractable many-body problem. To this end we employ
density functional theory (DFT), a popular method for calculating electronic structure
that can be applied to any condensed matter system of interest. DFT finds applica-
tions for example in the simulation of: semiconductors, magnetic materials and organic,
inorganic and biological chemistry.[2, 3]

DFT is an exact method but relies on approximating the interactions between the
electrons to make the many-body problem tractable. The success and popularity of DF'T
lies largely in its simplicity, even simple approximations to the electronic interactions
can give remarkably accurate results. Since its inception considerable work as gone into
developing improved approximations to the electronic interactions, however typically in
DFT there is a trade off between the computational simplicity of an approximation and
its accuracy. Early approximations greatly simplified the interactions, but allowed the
simulation of large systems with relative ease. Later approximations accurately simulate

the interactions but are restricted to the study of small systems due to the increased
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computational expense of implementing them.[4]
This thesis concerns the development and implementation of approximations in DFT

that give accurate electronic structures and are computationally efficient to use.

1.2 Outline of Thesis

This thesis presents the application of local exact exchange potentials to crystalline
semiconducting, antiferromagnetic and metallic systems. The first part of this work
discusses the theoretical techniques employed, whilst the second part presents calculated

results. The work described in this thesis is organised as follows:

Chapter 2

The quantum mechanical many-body problem is introduced, approximations to the
many-body wave function are discussed resulting in the Hartree and Hartree-Fock ap-
proximations. The Hohenberg-Kohn theorems are shown and proved, and the Kohn-
Sham formalism is introduced. Common approximations to the exchange-correlation
term are described. Application of density functional theory to crystalline systems and
the choice of a plane wave basis set is explained and the use of pseudopotentials discussed.

Schemes for solving the Kohn-Sham equations are reviewed.

Chapter 3

The motivations for using accurate local exchange-correlation potentials are detailed. A
variational method for calculating the exact exchange potential (EXX) using the Hyller-
aas variational method is derived using the Sternheimer equation. Approximations to
EXX are reviewed and the method for calculating the common energy denominator
approximation (CEDA) potential outlined. A local exchange potential with the same
density as Hartree-Fock is derived and called the local Fock exchange (LFX) potential.
Extension of these potentials to partially occupied systems is derived allowing the ap-
plication of these potentials to metallic systems. Theoretical arguments for the physical

equivalence of EXX and LFX are also explained.

Chapter 4

The implementation of the local potentials into the plane wave pseudopotential code
CASTEP are discussed. The algorithms to optimise the local potentials are outlined.
The methodology to solve the Sternheimer equation is described. The steepest descents,
conjugate gradients and quasi-Newton’s methods are introduced and discussed to opti-
mise the potentials. The performance of the minimisers is calculated, as well as conver-
gence of the potentials with respect to the calculation parameters is calculated and the

parallelisation and scaling of the methods is considered and calculated.
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Chapter 5

The application of EXX, CEDA and LFX to calculate the electronic structure of group
1V, group III-V, group II-VI semiconductors, insulators, transition metal monoxides and

metals are presented and compared to experimental results.

Chapter 6

The derivative discontinuity to find the fundamental band gap is derived using ensemble
density functional theory. The discontinuity for LDA/GGA functionals is found, as
well as the exchange-only discontinuity for EXX/LFX and an approximate correlation
energy derivative discontinuity is also derived. Results for the calculated discontinuities
for LDA, PBE, EXX and LFX are presented and discussed.

Chapter 7

A summary of the conclusions of the previous chapters and suggestions for further in-

vestigation are outlined.



Chapter 2

The Many Body Problem and
Density Functional Theory

2.1 The Many-Body Problem

A condensed matter system is by its very nature an interacting system involving many
particles. In almost all cases these particles are the positively charged nuclei of the atoms
in our system and the negatively charged electrons. The energetics of their interaction

can be described through the many-body Schrodinger equation;
H® = E®, (2.1)

where H is the Hamiltonian operator, ® is the many-body wave function of the system of
N electrons and M nuclei and E is the total energy of the system.[1] The wave function
contains the probability amplitude for all possible configurations of the electrons and

nuclei and is dependent on the coordinates of all the particles in the system;
q):(I)(I‘l,I‘Q,...,I‘N,Rl,RQ,...,RM), (22)

where r; and Ry are the coordinates of the electrons and nuclei respectively.!

An initial simplification to separate to the nuclear and electronic wave functions can
be accomplished by noting that the mass of a typical nucleus is several thousand times
(103 ~ 10°) that of an electron. Hence the time scales for any nuclear motion will be
much longer than the time scales of the electron motion and the nuclear motion can be
considered classical. If we assume the electrons adopt the ground state configuration as
the nuclei move and that the Born-Oppenheimer approximation is valid, the nuclei can

be considered as static classical point charges.[5] The wave function can then be written

!Currently we consider only spinless systems, spin polarisation is described in section 2.3.5. Hence r;
and R; depend only on spatial coordinates.
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as an adiabatic product of an electronic wave function and a nuclear wave function;
q):\II(I'l,I‘Q,...,I'N) XX(R17R27"'7RM)‘ (23)

It is worth noting that the electronic wave function, ¥ remains dependent on the nuclear
positions, as the parameters; R, Ro, ..., Ry appear in the electronic Hamiltonian.

The electronic Hamiltonian describes the interactions of the electrons with each other
and the electrostatic field created by the nuclei. The electronic Schrédinger equation (in

atomic units)? is then given by;

N M
Z
S G IR oD URTEE v piesiin) RN
i=1 j=1,j#1 =1 I=1

with V%Z, operating on spatial coordinates of the ¢-th electron, Z; is the charge of the
I-th nuclei, the first term is the kinetic energy of the system, the second term is the
Coulomb electron-electron interaction and the third term is the Coulomb electron-nuclei
interaction. The total energy of the system is not completely described by the energy of

the electrons in the Schrodinger equation. The total energy is;
Etotal =FE+ Eioru (25)

where Fio, is the potential energy due to the Coulomb interaction of the nuclei, given

by the classical Coulomb energy of the repulsion between the nuclei;

M M
1 AV

Fion = = E E —_ 2.6
2132 1J7&1‘R1_RJ‘ (20

The wave function that is a solution to the many-electron Schrédinger equation must

obey two constraints; it must be normalised, such that the total probability is 1;

/drl/drg.../drN\IJT(rl,rg,...,rN)\I’(rl,rg,...,rN) =1, (2.7)
and that it is anti-symmetric under exchange of any two electrons coordinates;
U(ry,ra,....,ry) = —¥(ra,r,...,rn). (2.8)

This arises from the electrons being Fermions and indistinguishable from one another.
Anti-symmetry gives rise to the Pauli exclusion principle. The probability density of

finding an electron at spatial position r is given by;

r) = /drg.../drN‘lfT(r,rg,...,rN)\I/(r,rg,...,rN), (2.9)

2All equations in this work will be in atomic units.
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and the charge density of the system by;

—N/drg.../drN\I/T(r,rg,...,rN)\I/(r,rg,...,rN). (2.10)

While the Schrodinger equation is exact, the equation is nearly impossible to solve
(except for some very simple cases) as the many-electron wave function has 3N degrees
of freedom and due to the Coulomb interaction any calculation scales exponentially
with the number of degrees of freedom, making any realistic problem beyond 3 to 4
electrons impractical. Hence to create a tractable problem the many-body system must

be approximated.

2.2 Approximations to the Wave Function

2.2.1 The Hartree Approximation

The Hartree approximation is the most basic approximation that can be made to the
wave function.[6, 7, 8] The many-body wave function is assumed to be written as a

product of single particle orbitals;

\I/(I‘l, ro, ..., I‘N) = wl(rl)wg(rg)...wN(I‘N). (211)

Substitution of the approximate wave function into the many-body Hamiltonian leads

to;

<\I/\FI\\P> —E (2.12)
N M 1 N N

= _Z Z @bz‘VQWz ZZ Wz )+ 9 Z Z 1/%1/)] |W’ﬂ/)3>
i=1 =1 1=1 j=1,j#1

M
1 ) ,p(r)p(r’)
- Z/drw’ V() - ;/dr| R[’ //drd r—r/|

Z// a9 rl_l%iz(| )

This form of the wave function allows the N-body Hamiltonian to be written as IV
coupled one-electron Schrodinger equations as the wave function is now separable. The

one-electron Schrodinger equations take the form;

—fVQ Z‘r —|— Z /d"% 7 Yi(r) = eii(r), (2.13)

J=1j#i

the last term on the left hand side is known as the Hartree potential and is a classical
mean field interaction arising from all N electrons minus the i-th orbital and ¢; is the

eigenvalue of the i-th orbital. The density couples the one-electron Schrodinger equations
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and is defined as;
N
r) = ¥l(r)e(r). (2.14)
i=1

The Hartree approximation to the wave function fails to enforce the anti-symmetry
required by Pauli’s exclusion principle. Hence the orthogonality of the orbitals must be

artificially imposed on the problem.

2.2.2 The Hartree-Fock Approximation

The anti-symmetry of the wave function can be enforced by forming the set of N single

particle orbitals as a Slater determinant;

Yi(ry)  a(re) - i(rw)

1 (ta(r1)  ta(rz) c-- dn(ry)
=T SR
Yn(r1) ¥n(re) -+ Yn(rn)

‘I/(I‘l,I‘Q,... (215)

which due to the properties of a determinant will cause the wave function to switch
sign under any swapping of rows or columns.[9] The Slater determinant can be explicitly

written as the product of IV orbitals acted on by the anti-symmetrising operator;

U(ry,ro,...,vn) = Al (r)da(rs) - - Yn(rn)|. (2.16)

The anti-symmetrising operator acting on the orbital product yields a sum of orbital
products spanning all possible combinations of orbital index and position index. Fol-
lowing the Slater-Condon rules[10, 11] the kinetic energy operator is a single particle

operator, and hence can be written as;

N
Z (2.17)

[\D\H

Applying the kinetic energy operator to the Slater determinant gives;

. 1
= (VT¥) = — Z/drw;r(r)VQM(r). (2.18)
i=1

By the same considerations the electron-ion energy simplifies to;

Eext = —/drz - Rz! (2.19)
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with p(r) retaining the definition given in equation 2.14. The electron-electron repulsion

operator is a two body operator, given by;

. 1 N N 1
Vee=5ZZ Rr (2.20)

The electron-electron repulsion operator couples pairs of orbitals, hence the electron-

electron repulsion energy is given by;

DL i) () )l ()i ()
Pee =5 ZZ//M [ =y - v

=1 j=1

()t (2o ()
//d dr’ p|r1"_ - ZZ¢ ¢ . iwii r)i(r') . (2.21)

=1 j=1

The second from last term is the Hartree energy, Fy and the last term is the Fock
exchange energy, Fy.
Using the form of the wave function given in equation 2.15 gives rise to N single

particle equations with form very similar to those of the Hartree approximation;

L 20 )
( v Z,r_RI, /d, ‘>wz<> Z di' =) = (),

Jj=1

(2.22)

where the last term is the exchange or Fock operator, Vi applied to an orbital ¢;(r) and
the set of N single particle equations are known as the Hartree-Fock (HF) equations.[12]
The exchange term is an energetic manifestation of the anti-symmetry of the wave func-
tion under exchange of particle position and can also be interpreted as enforcing Pauli’s
exclusion principle by spatially separating the electrons.?

The Fock term can also be written in terms of the one-body reduced density matrix

of the electrons, given by;

N
plr.x') = Yol (x)eilr). (2.23)
i=1
With the Fock term written as;
9 _ ,p(r, 1) o,
V) = = [ ' TE (), (224)

and the exchange energy as;

!r—r’!

3In a spin polarised system, the exclusion principle applies only to electrons of the same spin
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The Hartree-Fock total energy is then given by;
Eyr =— = Z/drwz (r)V24;(r) /drz - (2.25)

//dd/p —//dd/|prr‘2
-] r

alternatively the total energy can be written in a shorthand form;
Eyp =T + Eext + En + Exv (226)

with T being the kinetic energy, Fy being the Hartree potential energy, Fy being the
exchange energy and Feyt being the electron-ion potential energy. The electron-ion
energy will be referred to as the external potential energy, E.,; as the external potential
can encompass the energetics of the electrons interacting with items external to the
interacting electron system, for instance applied fields as well as the potential energy
due to the ions.

Similarly the Hartree-Fock equations can be written as;
() + Ve (1) + Vae(x) + V5 ) ti(x) = estir), (2.27)

with T(r) being the kinetic energy operator, Ve (r) is the external potential operator,
VH(r) is the Hartree potential operator and Vi is the Fock operator.

The Hartree-Fock equations are considerably more difficult to solve than the Hartree
equations due to the Fock term; the non-locality in the definition of the exchange term
substantially increases the difficulty of the problem. The Hartree approximation scales
cubicly with electron number, Hartree-Fock scales with the number of electrons to the
fourth power, as calculating the Fock exchange integral requires a double sum over orbital
indexes, 7 and j.

The Hartree-Fock approximation improves upon the Hartree approximation, as by
construction the wave function is fully antisymmetric.[3] The Hartree-Fock equations
treat exchange exactly, but the approximation is not without its drawbacks. Most no-
tably the approximation is only definitely self-interaction free for orbitals that are oc-
cupied and hence an electron is repelled by N — 1 electrons. In HF, any virtual orbital
(which would represent an excited state) is repelled by N rather than N — 1 electrons,
leading to very large excitation energies.[13] The complexity of the Hartree-Fock equa-
tions leads to a search for a more computationally practical method. This search leads

us to consider the simplicity of density functional theory.
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2.3 Density Functional Theory

At its core density functional theory proves that the central variable of the many-electron
problem can be the electron density (equation 2.10) rather than the many-electron wave
function. This replaces a large, mathematically complex object with a very simple
object.[14]

2.3.1 The Hohenberg-Kohn Theorems

Density functional theory is underpinned by the Hohenberg-Kohn theorems. The first
of their theorems states that ground state (gs) energy is a unique functional of the
ground state electron density. This means there is one and only one electron density
that describes the ground state of a system and further to this the external potential

N

Vext(r) uniquely defines the ground state electron density, hence;
Eys = Elpgs(v)] = E |plVess (1)]| (2.28)

The inverse also holds; the external potential is uniquely determined by the ground
state density. In addition implicitly the many-electron Hamiltonian is a functional of the
electron density.[15]

This can be proved firstly by taking two external potentials, Vl(r) and Vg(r) that
are different by more than a constant. We then assume that the two Hamiltonians, H,
and Hy containing respectively the external potentials V;(r) and Va(r), both generate

the same ground state wave function, ¥. The Schrodinger equations of the two systems

are then;
_ N ;
EyU(ry,re, - ,rn) = |T+ Ve + Y _Vi(ri)| U(ry,ro, -+ 1), (2.29)
L i _
and;
_ N }
ByU(ry,re, -+ vn) = |T+ Vee + Y _Val(ri)| U(ry,ra, - ,1x). (2.30)
L i _
For regions where ¥(ry,rg, -+ ,ry) # 0, the difference in the two equations (after divid-
ing by ) is;

E,— Ey = , (2.31)

N A A
Z Vi(r;) — Va(ri)
i=1

which contradicts our definition of the difference in the two external potentials as the
two potentials are different by only a constant. This implies the each external potential
will generate a different ground state wave function.

The uniqueness of the mapping between potentials and densities can then be proved
by taking the two external potentials, V;(r) and Va(r), the respective Hamiltonians H;

and H, generate different ground state wave functions (W and Wq respectively) but the
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same ground state density. The energies of the two systems are;
Bilpe)] = (il w) = [@ie)oe) + (0T + Vo), (232)

and;

Bulplr)) = (Wl 2) = [ drVae)o(e) + (Wl + Ve ). (2.33)

Using the variational principle;

By < (Uo|Hy|Wo) =(Uo|Ho|Wo) + (Uo|Hy — Ho|Wsy) (2.34)

=@+/mmm%®%mh

and by interchanging potentials 1 and 2;

Ey < (U1 |Ha| W) =(Uy |H| W) + (U1 |Hy — Hy|T;) (2.35)

:ﬂ+/mwm%m—%@n

adding the two inequalities leads to;
FEi+ By < By + E», (236)

which is contradictory. Therefore different external potentials Vi(r) and Va(r) always
have different ground state densities, p;(r) and p2(r) respectively. This means the density
uniquely determines the external potential (to within a constant). Then in principle, the
wave function of any state (ground or excited) is determined by solving the Schrodinger
equation with the ground state Hamiltonian. While this theory proves that the density
can be used as a central variable, we are still required to deal with the many-body
Schrodinger equation and hence are no closer to simplifying the problem at hand.

The second theorem states that the ground state energy can be found variationally by
optimising an energy functional and the density at the minimum of the energy functional
is the ground state density. This theorem is restricted to densities that are ground
state densities of some external potential, such densities are “V-representable”. These
densities are the densities for which a functional can be constructed. Hence each term
in the Hamiltonian can be written as a functional of the density, so the total energy can

be written as;

Erotallp(r)] = Tp(r)] + Eee[p(r)] + / drVext (r)p(r) + Vion, (2.37)

where Eeo[p(r)] is the electron-electron interaction energy and Vo, is the electrostatic
repulsion of the ions in the system, as defined in equation 2.6. For the ground state den-

sity, po(r) corresponding to the external potential, Vo(r), the density functional energy
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is the same as the expectation of the Hamiltonian, IEIO which has the many-body wave

function, Wy as its ground state wave function;
Elpo(r)] = (Wo|Ho|Wo). (2.38)

Considering another density, p1(r) corresponding to the wave function, ¥y, the energy

for this state is given by;
Elp1(r)] = (U1|Ho|W1) > E[po(r)], (2.39)

thus the energy given by the density functional energy is minimised by the ground state
density, po(r). Hence the energy can be minimised variationally. However while this
theorem provides a method for finding the ground state, it provides no insight as to how

to solve the many-electron Schrodinger equation.

2.3.2 The Kohn-Sham Method

A highly successful method for finding solutions to the many-electron problem, is the
Kohn-Sham method.[16] This method replaces the interacting system of electrons de-
scribed by the many-electron wave function, with an auxiliary system of non-interacting
independent particles. The central ansatz of the Kohn-Sham method is that the ground
state density of the auxiliary system is the same as the ground state electronic many-
electron density. As the particles are non-interacting and hence separable, the indepen-
dent N-particle Hamiltonian of the auxiliary system can be written as the sum of N
single-particle Hamiltonians, as was done for the Hartree and Hartree-Fock approxima-
tions;

[2(2) 4 Vexe (1) + V()] 3(x) = <363 (x). (2.40)

where the single-particle wave functions are known as the Kohn-Sham orbitals. The

density of the Kohn-Sham system is given by;
N
p(r) =Y ol (r)ai(r). (241)
i=1
The kinetic energy is given by;
| N
L) =5 Y [ drol 60, (2.42)
i=1

and the kinetic energy operator is;

Ty (r)u(r) = 5 V6(r), (2.43)
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the kinetic energy given by the non-interacting system is not equal to the kinetic energy
of the physical many-body system, as one is an interacting system and the other is non-
interacting. The potential V(r) is a non-interacting effective potential, representing the

electron-electron interaction. It is usually partitioned into two terms;
V(r) = Va(r) 4 Vic(r), (2.44)

the first term is the Hartree potential as previously defined as the third term in equation
2.22;
~ 5EH p(r’)
V4 = = | dr’ 2.45
H(r) 5p(r) / r ‘I'—I'/‘7 ( )

and the Hartree energy as defined in equation 2.25;

Fy = ;// drdr/’m. (2.46)

The second term is the exchange-correlation potential;

> 5Exc
Vel = oty

(2.47)

the properties and functional form of this term will be discussed later, but the exchange-
correlation potential ensures the Kohn-Sham auxiliary system has the same density as
the interacting system.

The Kohn-Sham method allows the N-electron problem to be written as a set of
coupled N single particle Schrodinger equations, by the use of an auxiliary system of
non-interacting particles, which are coupled by the density. The main issue is then the
exchange-correlation potential, as the form and functional dependence on the density is

unknown.

2.3.3 The Exchange and Correlation Potential

The exchange-correlation potential has no definitive rigorous universal functional form,

however the exchange-correlation energy can be formally defined as;

Exelp(n)] = (WIT[0) — Ty[p(x)] + = 3" (| —— %) — Eulp(r)], (2.48)

r; — ;]

where the density of the Kohn-Sham system is required to be the exact density.[1] Phys-
ically, this can be interpreted as containing all the energetic contributions that are ne-
glected by the Kohn-Sham kinetic energy and Hartree energy with respect to the exact
many-body kinetic energy and electron-electron interaction. This includes the exchange
energy which can be found exactly from the Fock exchange integral and the correlation

energy which accounts for all other missing many-body energy contributions. The Fock



Chapter 2. The Many Body Problem And DFT 14

exchange integral is given by;

1 01 (r)85(r) 8} () (')
Bom -y 3 [ ara I (249

where the orbitals satisfy the Kohn-Sham equations. While the exchange energy can be
exactly calculated, the correlation energy is only defined as the difference in the total

energies of the many-body and Kohn-Sham systems;

Eelp(r)] = (0IT19) ~ T[p(r)] + 5 S
i#]

1
V|——[¥) — Enulp(r)] — Ex[p(r)].  (2.50)
i — 1]
As the exact correlation energy can only be found by solving the many-electron problem,
it is always approximated in any practical calculation. In fact although the exchange
energy can be found exactly, it too is frequently approximated as a functional of the

density.

2.3.4 Exchange-Correlation Functionals

The simplest, earliest and hence most commonly used exchange-correlation functional
is the local density approximation (LDA).[14, 16] The LDA assumes that the exchange-
correlation energy per electron at point r, ex.(r) with density, p(r) is the same as the
exchange-correlation energy of the homogeneous electron gas (HEG) with that density.

The exchange-correlation energy is given bys;

EEPMp(w)] = [ drp(x)eliFS o), (2.51)
and the potential is given by;
LDA( ) 5EL(PA ( )
VEDA(p) = Zoxe 2.52
ép(r)

The exchange-correlation energy per electron is parameterised from quantum Monte
Carlo calculations of the homogeneous electron gas at various densities. Hence the LDA
is only exact for the homogeneous electron gas. The LDA gives system geometries,
binding and vibrational energies within approximately 10% of the experimental value
but grossly underestimates the excitation energies of a system and has a tendency to
over-bind the system.[4, 17, 18]

An extension to the LDA is to include some knowledge of inhomogeneities in the
density by including the local density gradient, |Vp(r)|. This type of approximation is
known as generalised gradient approximation (GGA). The GGA exchange correlation

energy is defined as;

EGGAp(r)] = / drp(0) F(p(x). |V p(x) ) HE0 (p(x)), (2.53)
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the F(p(r),|Vp(r)|) is the enhancement factor parameterised from a set of homogeneous
electron gas calculations using different densities and is chosen to satisfy select exact
properties while maintaining the correct behaviour that the LDA satisfies. [19, 20, 21,
22, 23, 24]. The most commonly used GGA is the PBE form.[23] The GGA improves
upon the LDA with regard to geometries, binding energies, still underestimates excitation
energies but to a lesser degree than LDA.[4]

Further extension in the next logical direction is to include second, third and fourth
derivatives of the density VZp(r), V3p(r), V4ip(r) , known as the meta-GGAs.4[25] This
series of parameterisations based on increasing knowledge of the nature of the density
has become known as the ‘Jacobs Ladder’ in a biblical analogy on the assumption that at
the top of the ladder lies the universal (and heavenly) all encompassing functional, and
the LDA, GGA and meta-GGAs lie at the bottom on successively higher rungs.[26, 27]
Despite promising increasing accuracy with more information about the inhomogeneities
in the density, the extensions beyond the GGAs depend on empirical parameters. Hence
the functionals give very accurate results for the systems to which they are fitted and
worse results compared to the GGAs for systems to which they are not fitted. For more
detailed discussion please see [4] and references therein.

Another direction to approximate the exchange-correlation functional that is espe-
cially popular with the computational chemistry community is hybrid functionals. These
mix in a fraction of the Fock exchange integral into the local LDA or GGA exchange-

correlation energy. These typically take the following form;
B p(r)] = bECN + (1= b) Eg*! + Ee[p(r))], (2.54)

where b is a fitting parameter that can range between 0 and 1. The most popular hybrid
functional is the Becke three-parameter functional with the Lee-Yang-Parr correlation
functional (B3LYP), which takes the form;

EPSWYP ()] =EXPA [p(x)] + ao( B — EPPMp(r)]) + ax AESOA [p(r)]
+ 4B [p(r)] + (1 — ac) EYPA[o(r)) (2.55)

with ag = 0.2, ax = 0.72 and a. = 0.81 and AESSA[p(r)] is the GGA correction to
the LDA exchange functional.[28, 29, 30] These Becke 3-parameter functionals typically
give accurate system geometries for molecular systems and improved excitation energies
relative to the LDA/GGA’s, however the parameters are fitted to give accurate results
for a representative set of molecules.

Another popular hybrid is the screened exchange functional (sX), this functional
takes the Fock exchange integral and includes some correlation in the form of long range

screening of the exchange term, with the addition of local LDA correlation. The sX

4However typically the kinetic energy density, 7(r), is used instead of the second derivative of the
density.
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exchange-correlation energy takes the form;

T b (v
Bl =—ZZ/ ] o w AN ,(| AT ki A (e, (256)

i=1 j=1 ‘

the term kg is a density dependent screening wave-vector. The screened exchange func-
tional gives accurate system geometries for solids and accurate excitation energies when
compared to the LDA/GGA’s.[31, 32, 33, 34]

A significant theoretical deficiency is introduced by the use of the approximate local
functionals, the exchange-correlation potential does not fully correct the self-interaction
present in the Hartree potential.[18, 35] The Fock exchange and hybrid exchange-correlation
potentials also do not satisfy the requirement of the Kohn-Sham system that the poten-
tials are local in form, depending on r and r’ explicitly. Addressing these issues with the

exchange-correlation potential will be discussed in later chapters.

2.3.5 Spin Polarised Density Functional Theory

So far the discussion of the many-electron problem and density functional theory has
been limited to spin neutral systems, where for the IV electrons in the system there are
% electrons with spin up and % electrons with spin down. This spin symmetry allows
us to consider only one spin channel and assume the result applies to both spins.
However many real world materials are not spin neutral and so a spin polarised
Hamiltonian needs to be considered. Each electron can be spin-up or spin-down, so an

electron orbital needs to be written with a spin index, o;

oi(r) — @7 (r), (2.57)

the total number of electrons in the system will be N = NT + Nt = >, N7, the charge
density is then given by;

NU
=3 7 @)e7 (v), (2.58)
o =1
the spin densities (p'(r) and p*(r)) have the same form but drop the sum over spins.[36,
37] The Kohn-Sham Hamiltonian is given by;

p(r’)
v —r/|

5V elr) 4 [ PEL V0, A1) o ) = o), (259)

with VXC(I') depending on the spin densities. The Fock exchange integral has the form;

Veort) - [ a0 o oy (2.60)

v — |
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the spin polarised reduced density matrix is given by;

v
p7(r,r') =" o7 (x)ef (). (2.61)
i=1

This form of spin polarisation assumes the spins of the electrons are collinear, i.e.
they all lie in the same direction throughout the material, which we define as the z-axis.
In a physical sense all the Kohn-Sham orbitals must be eigenfunctions of the z-axis spin

operator;
A 1
8.7 (x) = £507(x), (2.62)

this only allows the spins to be in one direction with two values.[2]

More generally the spins do not have to be collinear, this requires a more generalised
and sophisticated way of dealing with the spins, as they can potentially point in any
direction.[3, 38] These non-collinear systems typically result from the relativistic effects
of spin-orbit interaction, which tilts the magnetic moments resulting in the weak fer-
romagnetism seen in some antiferromagnets.[39] The application of density functional
theory to non-collinear systems can be accomplished but is beyond the scope of this
thesis.[40]

2.4 The Crystalline System

2.4.1 Periodic Boundary Conditions

While we have discussed a solvable method for finding the electronic structure of a
system, the nature of the system we wish to investigate has not yet been discussed. The
systems of interest are crystalline solids, which can contain upwards of N3 atoms, this
still poses an intractably large problem. Paradoxically by expanding the solid so it is
infinite in all directions allows us to exploit the periodic unit cells that form the crystal
by imposing periodic boundary conditions. This condition constrains the potentials and

density to be periodic in space;
V(ie+R)=V(r), (2.63)

and;
p(r+R) = p(r), (2.64)

the vector R is any lattice vector, formed by;
R =ia+ jb + ke, (2.65)

i, j and k are integers and a, b and c are the lattice vectors that define the unit cell of
the crystal. The unit cell is a parallelepiped containing an arrangement of atoms that

the entire crystal can be built from. The unit cell is defined in terms of 6 parameters,
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Figure 2.1: Unit cell with defining parameters labelled.

the lengths of the three vectors (a, b, ¢) and the angles between them («, 3, ), as shown

in figure 2.1.

2.4.2 Bloch’s Theorem

Even if the density is periodic there is no guarantee that the individual orbitals that
form the density are periodic. To represent the orbitals in a periodic system we employ
Bloch’s theorem.[41] The orbitals then take the form;

¢?’k(r) = uik(r)eik'r, (2.66)

where uJ, (r) is a periodic function; u;k(r) = ujk(r + R) and k is a wave vector that
lies within the first Brillouin zone of the reciprocal lattice, such that; —% <k, ky, Kk, < %

where;

k = kya® + kyb* + k,c, (2.67)

the reciprocal lattice vectors a*, b* and c* are related to a, b and ¢ by;

b xc

*— 9 2.

a g (2.68)
cXa

b* =2 2.
T (2.69)
axb

ct =27

B (2.70)
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and the volume of the unit cell is;
Q= |a.(b xc)|. (2.71)
Using a*, b* and ¢* we can define reciprocal lattice vectors by;
G =ia* + jb* + kc*, (2.72)
and are related to the real lattice vectors, R by; R.G = 27wn, where n is an integer.

2.4.3 Choice of Basis Sets

The function uf, (r) is undetermined but can be expanded as a linear combination of
known functions. The set of functions are known as a basis set; such basis sets can be
plane waves, Gaussians, atomic orbitals among others. For atomic and molecular calcu-
lations, atom centred basis sets are good choices as they allow accurate representation
of the electrons with a small set of basis functions without having to resort to pseu-
dopotentials. The two most popular choices are linear combinations of atomic orbitals
(LCAO) and Gaussians. The atom centred basis sets are particularly powerful in isolated
systems as the functions used only have values near atoms which is where the electrons
are localised and treat the vacuum around systems coarsely. For a linear combination
of atomic orbitals centred on an atomic site, each orbital is formed of a series of atomic

orbitals, which are themselves solutions to the hydrogen-like atom problem;

il1,0,8) = D _ CimtmXnim(r,0,0) = 3 Cimtm Bt (r)Yim (0, 6).  (2.73)
nlm nlm
These functions have the advantage of being orthogonal and the series does not have
to be expanded to very high order, allowing a small basis set, but has the disadvantage
of being an incomplete basis set and being difficult to achieve well-behaved convergence
with the addition of extra atomic orbitals.?[42, 43]
Another atom centred basis-set is to use an expansion of Gaussians, like the linear

combination of atomic orbitals. An orbital can be expanded in terms of n, [ and m;

[

2(20&,171)

2l
nlm ’97 =

% 2aan)l 670[7117”2}/l,m(97 ¢)7 (274)

the primary advantages of Gaussians is that all integrals can be performed analyti-
cally, this allows very quick calculations even for integrals that require integration across
many co-ordinates.[44] However the disadvantage remains the difficulty of achieving con-
vergence with the addition of further Gaussians and the poor description of continuum

states.

SEven a large orbital basis will neglect continuum states.
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Plane waves are the wave functions the orbitals would adopt in the homogeneous

electron gas and can be used the expand u}’k(r) as a Fourier series;
1 ,
ufp (1) = —= Y 71 (G)e'CT (2.75)
3k 7k d
VQ 4G
hence the orbitals can be written as;
1 .
7. (r) = — 7 (G)elkt+G)r, 2.76
¢],k( ) \/ﬁ %: j,k( ) ( )

the wave vector k can adopt any value within the Brillouin zone, hence there are an
infinite number of k’s to consider. The plane wave basis is complete, the plane waves are
orthogonal and quantities can be easily represented and evaluated in real or reciprocal
space depending on which is least computationally intensive. For these reasons plane
waves are the choice of basis set to be used in this work.

The localised basis sets work well for isolated systems, as the assumption that the
electronic orbitals remain atomic-like remains valid. In a solid this assumption becomes
less valid as the electrons can de-localise. However the advantages of a localised basis
set (small basis set, no need for a pseudopotential) and the advantages of plane-waves
(accurate description of bonding regions and delocalised electrons) can be combined by
using the augmented plane wave (APW) method. This method assumes that the solid
is composed of spherically symmetric potentials centred on the lattice sites, surrounded
by an interstitial region. Inside the spheres the wave functions are the solutions to the
spherically harmonic Schrédinger equation like the linear combination of atomic orbitals
method. Outside the spheres the wave-functions are plane waves, at the interface between
the spheres and the interstitial region the wave functions must be continuous and the
derivatives must be matched. Augmenting the plane waves with a spherically symmetric
set of atomic orbitals allows an accurate all-electron treatment of a condensed matter
system without prohibitive computational cost.[45, 46] The use of augmented plane waves
has been extended to linearised augmented plane waves (LAPW) [47, 48] and projector
augmented plane waves (PAW),[49, 50] the latter having a very similar methodology to
standard plane waves using ultrasoft pseudopotentials.® However the augmented plane
wave methods are basis set incomplete and non-orthogonal and computationally intensive

due to the complicated mixing of basis sets.

2.4.4 Monkhorst-Pack Grids and Plane Wave Cut Off Energies

With the choice of plane waves the issue of having an infinite number of k-points must
be addressed. This issue can be avoided without significant loss of accuracy by discretis-
ing the Brillouin zone and using a finite number of k-points, which are chosen using a

Monkhorst-Pack grid.[51] The Monkhorst-Pack grid is a regular array of k-points, the

5See section 2.5.4 for discussion of ultrasoft pseudopotentials
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dimensions of which are chosen such that the total energy of the system does not change
(to within a chosen uncertainty) with increasing sampling.

Much like the k-points the reciprocal lattice vectors G form an infinite set. The
orbitals and density are assumed to be smoothly varying at small scales so that the
plane wave components (with large |G|) that describe this scale are negligible. This
allows us to assume that the cjk(G) for large G are nearly zero and for some value G we
can truncate the infinite sum. The G that truncates the sum is defined by the associated
kinetic energy of the plane wave it describes, hence we introduce a kinetic energy cut off

that determines the largest reciprocal lattice vector, Gax;
1 2
Ecutoff = 5‘1{ + Gmax| 5 (277)

the orbitals are then written as;

‘Gmax‘

1 A

o — o i(k+G).r

7a(r) = § . Gk(G)e ; (2.78)
VQ &

and the reverse procedure to find the reciprocal space coefficients as;

Gx(G) = \/15 / drg (r)e tH G, (2.79)

Employing Bloch’s theorem allows an infinite electron problem to be considered as a
problem involving only the number of electrons in the unit cell (usually 10s-1000s)” with
a finite set of k-points and G’s.

It is also worth mentioning that the plane wave method can be trivially modified to
allow calculations on extended systems such as defects, surfaces and isolated molecules.
In the instance of the defect, a crystal super cell of many unit cells can be built with
one unit cell having a defect, this results in an infinite array of defects due to the
periodic boundary conditions. As long as the super cell is large enough to minimise any
electrostatic interaction between the defects, then the results will be those for effectively
a single defect in a crystal. Similarly we can surround an isolated molecule or surface
slab with a larger volume of vacuum to minimise the interactions between the periodic

mirrors of the system to consider them in isolation.[52]

"Typical ranges accessible to current computational methods.
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2.4.5 The Kohn-Sham Equations and Other Quantities in Reciprocal
Space

All quantities that can be considered in real space can also be considered in reciprocal

space e.g. the density can be written as a Fourier transform:;

(@) = [ drp(x - / drz #7L (),
= ZZNI{ZCZL(G')/CZF\/Q T (r)e I GHED T, (2.80)
= Z Z Z o k(G + @),

where Ny is the total number of k-points and the division by Ny is due to the sum over
k-points as well as electrons. It is worth noting that p(G) has a plane wave cut off that
is twice as large as the plane wave cut off of the set of cZk(G)’s, as the maximum size
that |G + G'| can take is 2|Gpax|-

Any real space quantity can be found in reciprocal space or vice versa by Fourier

transformation, a generic local potential for example;

=5 Z V(G)eGT, (2.81)

becomes;
V(G) = / drV (r)e "G, (2.82)

For potentials the plane wave cut off is also twice as large as the plane wave cut off for
the orbitals. The kinetic and Hartree potentials have particularly simple forms. The

kinetic energy operator has the form;

Ty (r) = — *VQ Tk(r Z 1 (G)V?e! (et G).r
Z k + G20y (G)e' kTG, (2.83)
Implying the kinetic energy operator in reciprocal space is;
A 1 9
Tix(G) = =5k + G[7, (2.84)

with the kinetic energy being given by;

T, = z Nl,k Zk / drg] L ()T (r)
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~ v, LSSk GPA@ [l e

= QNkZZZ\HGP (G)L(G).

c 1,k G

The Hartree potential can be found directly from the real space representation of the

Vi(G) = /drVH // drdr ’|rp_r e iGT

rw 1
2: —G 1 G
/dI’ P 2 r/drez r|r_r/|

potential;

A p(G’) i(G'—G).r
S P /dre (@'-G) (2.86)
G/
4 p(G)
- Q|GP?
where the identity; )
e’LCM.I‘ 47[-

= 2.87
G i a? 250

(2.88)

The Fock exchange potential in reciprocal space can similarly be derived, however as the

operator is orbital dependent it will have a wave-vector and spin dependence;

(G G‘ /dr —'L(k—l—G)I‘/dr Vo’ i(k+G').r’
Z//d g Lia\ ") %alT) Jq Fa(T) (it G).r —i(k - G).r
|
- Qz/zN Z//d d/ /| Z TG G man Gl Gl (9 89)

G//
_ Ar 1 Jja “H @M eik+G —a—G").r—i(k+G).r
__Q3/2N2/dr|k+gl_q G//lzz (G7) 4
y G//
__Ar 1 (G e—ilat GGG )
__Q3/2N Z/d Z|k—|—G’—q G2 Cjq(G)e™™
G//
47I' 1 O'T G// (G _ G/ G//)

— Z Jq
! __ 12
q G” jq ‘k + G q-— G ’
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The exchange energy is then;

Ex szZZZZC (e epraa(el (2.90)

o ik G G’
UT(G/+G//) (G—i—G”) ot
C'k(G )7
|q k+G”|2 i

c ¢tk jaqa G G G”

the multiple sums over reciprocal lattice vectors and double sum over wave-vectors mean
that the calculation of the exchange energy is of substantially greater difficulty than any
of the other operators in the Hamiltonian.

The Kohn-Sham equations have a convenient matrix form when Fourier transformed

into reciprocal space;

1 A - A
> (5 + GPogar + Vet (G = &) + Via(G — G)+VE(G — @) )1 (@)
G/

—<7c7 (G, (2.91)

the kinetic energy forms the diagonal of this matrix and the off diagonal terms are formed
by the potentials. This equation can be solved by using several different techniques which

will be discussed in section 2.6.1.

2.4.6 The Electrostatic Potential Energy

As well as having the Kohn-Sham equations that give the orbitals within one unit cell,

we also need the total energy within one unit cell. This energy per unit cell is;

1

E =
Ncell

[Ts[p] + Enlp] + Eext[p] + Exc[p] 4+ Eion] , (2.92)

for an infinite periodic system the total energy will diverge to infinity, however the total
energy per unit cell is a non-divergent quantity. By construction the exchange-correlation
energy per unit cell for local potentials like the LDA or GGA can be defined wholly within
one unit cell and trivially the kinetic energy per unit cell also can be defined within just
one unit cell. However the Hartree, Fock exchange integral, external and ion-ion energies
are not defined within one unit cell. The individual energies per unit cell diverge in an
infinite system, however the total energy per unit cell of the four remains finite.

For the Hartree energy and Fock exchange energy this is due to the total energy
quantifying the interaction of the electron density (or reduced density matrix in the
case of the Fock exchange energy) within one unit cell, with an infinite electron density.
Similarly for the external potential the electron density interacts with an infinite array of
ions and for the ion-ion energy the interactions of an infinite array of positively charged
ions must be taken into account. This is due to all four representing four separate

interactions, all of which are non-charge neutral, yet over all the system is neutral.[2]
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To make the four energy sums non-divergent, each one must be made charge neutral.
To accomplish this we include an additive factor onto the electron density; for the Hartree
energy this density is uniform and positive, p'(r) = p(r) + p™, giving a density that is

overall charge neutral, the Hartree energy is then;

/( p)p() +p") 2 Ip(G
N S SR

G;éO

where we no longer have to consider the divergent |G| = 0 term as the system of interest
is charge neutral. In a similar way the external potential energy can be found by adding
a uniform negative charge to the potential formed by the ions, V. (r) = Ve (r) + p~,
this amounts to removing the |G| = 0 term for the external potential energy.[1] Using
similar considerations the Fock exchange energy is non-divergent if the term in equation
2.90 when G” = 0 and k = q is not evaluated (The procedure to make the Fock exchange
energy non-divergent is detailed in ref. [53]).

The ion-ion interaction energy is somewhat more mathematically tricky, involving
an Ewald transformation of the energy expression,[54] which exploits that any sum in a
periodic system can be split into a real space (short ranged) and reciprocal space (long

ranged) components;

Eion = 5 ZZ|R +Rm+R|

erfc(|Ry, + Ry + R|n)
== ZinZom, 2.94
Sy, T T oon
2 . 2
—|G*/8n* 7 4GRa| _ " N p2_ 2 7z | T
|G%O|G’2 nZ::l n€ ] ﬁ; n 92 Zn: n ,,7297

where R,, and R,, ionic positions in the unit cell, R is a lattice vector of the periodic
system and multiples thereof extending from —oo to +o0o although in practice only the
nearest neighbours of unit cells need to be summed over to converge the sum.[55] Note
that for |R| = 0 the term R, = R,, must be ignored to remove the unphysical self-
interaction of the ion cores. The second term in the last line in equation 2.94, cancels
the self interaction in the first term. The last term is the analytic limit of G — 0 for
the uniform additive negative charge density, p~ that is added to the lattice of positive

point charges. erfc(r) is the complementary error function given by;
erfe(r) =1 — / dre™"”, (2.95)

and 7 determines how the sum is split between real space and reciprocal space.
The addition of the uniform charges does not change any of the physics or energies
of the problem. As the system remains charge neutral they are purely mathematical

artefacts to allow the non-divergent computation of each electrostatic term separately in
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the total energy.[1, 2]

2.4.7 Symmetry

Using Bloch’s theorem we have already managed to reduce the problem we need to solve
to that of one of the electrons and ions in one unit cell of an infinite crystal. However, we
can further exploit the crystal’s symmetry to reduce the complexity of the calculation.
The symmetry of a crystal is defined by the number and type of symmetry operations
that can be performed on the crystal. A symmetry operation relates two points in the
unit cell through; a reflection in a plane, a rotation about an axis, an inversion through
a point or a translation in an direction, this operation is applied to all elements of the
unit cell.

Any crystal can be classified with one of 32 point group symmetries. Point groups
comprise a set of reflections, rotations, inversions and improper rotations (a combination
of a rotation followed by an inversion). The crystal also has a space group, of which
there are 230, that comprise the translational symmetries of the crystal and contain
translations, screw axis (a rotation about an axis then a translation along the axis)
and a glide plane (a reflection in the plane then a translation along the plane). The
combination of the space and point groups allows any crystal system to be reduced to a
periodic unit cell and for that cell to be classified with one of 14 unique Bravais lattice
types.[41]

The symmetry operations allow two simplifications to be made to calculations, the
first is in real space. Exploiting the symmetry of the crystal allows a unit cell to be
reorientated into its smallest repeating unit. As shown in figure 2.2 the conventional
face centred cubic Bravais lattice of silicon containing eight atoms can be reduced to a
primitive unit cell containing only two. This reduces the volume we need to consider
and the number of electrons under consideration within a calculation.

The second simplification is in reciprocal space, using the symmetry of the reciprocal
lattice we can map the k-points in the Monkhorst-Pack grid into symmetry matched sets.
This allows us to calculate the coefficients of an orbital at a particular k-point and know
that the orbital also has that set of values at all other k-points that are symmetry related
to the initial k-point. The initial Monkhorst-Pack grid can then be reduced to a set of
points that are not symmetry related. The only additional complication is that every
k-point is no longer equally weighted, when integrating quantities across the Brillouin

zone each k-point has its own weighting factor, fy;
fe=~+ (2.96)

with ny being the number k-points in the initial Monkhorst-Pack grid that are related to
the k-point in the reduced k-point set and Ny being the total number of k-points in the

initial Monkhorst-Pack grid.[1] Any quantity that requires integration across reciprocal
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Figure 2.2: Conventional (top) and primitive (bottom) unit cells of silicon.
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Figure 2.3: Two dimensional square Brillouin zone with a 7 x 7 Monkhorst-Pack grid,
dashed lines indicate symmetry planes. Using the 4 fold symmetry of the square the
zone can be reduced to a single symmetry element denoted by the red triangle using
only the 10 k-points that border or are enclosed by the triangle. Note the k-points will
have differing weights.

space (in this case the density) then has the form;

v
o) =SSN AL () (x), (2.97)
o % k

with the additional requirement that the quantity conforms to the symmetry of the
lattice.

The use of symmetry in reciprocal space allows the Monkhorst-Pack grid to be greatly
reduced, but this is highly dependent on the degree of symmetry in the material under
investigation. For diamond; an 8 x 8 x 8 grid reduces from 512 points to 80 points, a
smaller 6 x 6 x 6 grid reduces from 216 points to 28 points and a 5 x 5 x 5 grid reduces
from 125 points to 10 points. A two dimensional example that reduces 49 points in a
7 x 7 grid to 10 is shown in figure 2.3. The reduced grid of points will have differing

weights, the point in the centre of the square zone (also known as the gamma point, I')

1
36°

the square zone also borders 8 symmetry elements and has weight of

the point on the corner of
1

36°
1
18°

along the edges border 2 elements and have weight % and the point in the centre of the

borders 8 symmetry elements and hence has a weight of
the point at
the right angle corner of the element borders 4 elements and has weight the 6 points

element has weight %. Summing all the weights gives 1.
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2.5 Pseudopotentials

In the simplest form of the external potential in the Kohn-Sham equations the external
potential consists of Coulombic potentials centred at each lattice site in the material.
The Kohn-Sham equations then include the interactions of all the electrons in the ma-
terial, this results in a prohibitively high cut off energy for the Bloch orbitals (almost
100,000eV for diamond) as the plane wave expansion must describe tightly bound core
electron states and the valence electron wave functions must contain many nodes to
ensure orthogonality between all the electrons.[52]

The solution to making tractable calculations is to reduce the cut off energy of the
orbitals, but this is only possible if the Coulombic potential and core electrons can be
replaced with another potential, which does not require such a high cut off.[56, 57,
58] Using this replacement potential or pseudopotential requires the electrons in the
material to be partitioned into core and valence types. Core electrons are taken to
be the electrons that are tightly bound and localised on the lattice sites. Hence the
energy states of the core electrons are assumed not to change when the atomic chemical
environment is changed (i.e. changing from an isolated atom in vacuum to an atom in
a solid). The valence electrons are the electrons with higher energy states that typically
form the bonding orbitals in a solid, as such for the valence electrons the energy states
of the orbitals associated with them will be greatly changed by a change in chemical
environment.

The pseudopotential must satisfy several conditions; the first is that outside a core
radius (r.) the valence electron orbitals and pseudopotential should exactly match the
valence all-electron orbitals and the Coulomb potential respectively. Secondly the pseu-
dopotential should also have the same scattering properties as the all-electron calcu-
lation. Thirdly the pseudopotential should be spherically symmetric and the valence
orbitals should have no nodes inside the core region.

The scattering properties are determined by the angular momentum of the electron,
so the pseudopotential must be angular momentum state dependent, but as it has to be
spherically symmetric, the angular momentum states are fully separable. The pseudopo-
tential can be written in a semi-local form that projects the valence orbitals onto the

angular momentum dependent potential;

VaEE) = Vi) Vi(r)(Yiml, (2.98)

Im

with Y, (0, 6) = Pi(cos(6))e™? where P,(cos(f)) are Legrendre polynomials.[52] The

potential is semi-local as it is local in position, but non-local in angular momentum.
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2.5.1 Norm-Conserving Pseudopotentials

The properties the pseudopotential must satisfy provide a starting place to find a pseu-
dopotential. However there exist a near infinite number of possible potentials that could
satisfy those conditions. To allow accurate transferable pseudopotentials to be made
using ab-initio methods the pseudopotential should also satisfy the “norm-conservation”

conditions.®[1, 59] The norm-conservation conditions are:

1. The integrated charge, ) inside r. for each valence electron state must agree for the

pseudo and all-electron orbitals (norm-conservation), such that; Q = [ dr|¢? (r)|?> =
T dr|gn S (r) .

2. All-electron and pseudo eigenvalues agree (for a given reference electron configura-
tion, usually the neutral atom), such that; (Hgg—e7)¢? (r) = (Hyy IS _e0)g?S(r) =
0.

3. All-electron and pseudo valence orbitals agree outside of 7.

4. The logarithmic derivative of the all-electron and pseudo valence orbitals agree at
Te.

5. The first energy derivative of the logarithmic derivative of the all-electron and

pseudo valence orbitals agree at r. and beyond.

These conditions rely on the pseudo-orbitals satisfying the orthonormality conditions

that the all electron orbitals must obey;

(3775167 F5) = 6 165.0. (2.99)

? J

2.5.2 Pseudopotential Generation

Pseudopotential generation consists of several distinct steps, the first involves solving

the radial Schrodinger equation for the reference configuration;

2
<_;;ﬂ+“l2r2 S o d Vi)l 1)rR”l<r>=ener“l<r>, (2.100)

where the density is given by;

lmax

=> > Z IrR™(r) (2.101)

n =0 m=—I

The pseudo-orbitals are then generated from equation 2.100 according to the previously

mentioned conditions. The screened pseudopotential can be obtained by inversion of the

8A “good” transferable pseudopotential is one that provides accurate results for a material in a
variety of chemical conditions, from isolated atoms to ionic compounds to covalently bonded materials.
Transferability is usually increased by reducing the core radius of the pseudopotential.
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radial Schrodinger equation using the pseudo-orbitals;

2
W+1) ! irRijs(r), (2.102)

sc,l o _
Vs (1) =& 272 + QTRIPS(T) or?

note the index n has been dropped as the potential is generated using the lowest lying va-
lence state for each angular momentum value.[2] The pseudopotential is finally obtained
by unscreening the electronic contributions to the potential from the valence electrons,
this amounts to subtracting the valence Hartree and exchange-correlation terms from

the screened potential;

/
Vi) = Vi) - [ ,jf{ﬂj, dr' — V() [pu). (2.103)
where py(r) is the density of the valence electrons.

The possible forms of the pseudo-orbitals are the main deterministic factor in the
pseudopotential as the form of the orbitals determine the “smoothness” of the potential.
A potential would be described as “smoother” than another potential if the plane wave
energy cut off required for a calculation is lower than the other potential otherwise it
would be described as “harder”. The chosen approximate forms of the pseudo-orbitals
are numerous but in this work the work of Rappe et al was used,[60] other potential forms
are laid out in refs [61, 62, 63, 64, 65]. The pseudo-orbitals inside 7. are expanded as a
series of spherical Bessel functions, with the coefficients of the expansion optimised to
minimise the residual of the kinetic energy under the constraint that the Bessel functions
have continuity of first and second derivatives in the core region as well as satisfying
the norm-conservation conditions. (Further details in refs [60] and [66]) An example
pseudopotential and pseudo-orbital for oxygen are shown in figure 2.4.

A further complication is that to ensure identical treatment of core and valence
electrons the same exchange-correlation functional should be used in the core and the
valence. This raises a problem when considering non-local exchange-correlation poten-
tials as when unscreening the potential the non-local nature of the potentials can prevent
a pseudopotential being generated that maintains the condition that the pseudo-orbitals
are identical to the original all-electron reference orbitals outside the core region. This
is an acute problem as the use of Hartree-Fock and other exchange-only calculations
require HF pseudopotentials.[67]

However by enforcing a localisation constraint on the non-local unscreened pseu-
dopotential a tractable local Hartree-Fock norm-conserving potential can be found. The
potential is unscreened as in equation 2.103 with a non-local exchange term replacing

the local exchange-correlation potential;

Vhs() = V') - [ L~ vifg) (2,104

the pseudopotential form however is not guaranteed to decay as 1/r. To ensure this
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Figure 2.4: Comparison of pseudopotential and pseudo-orbital for the 2s electron in
oxygen generated using PBE as the exchange-correlation functional, a) pseudopotential
for the [ = 0 channel in oxygen (black) and the correct Coulomb potential (dashed
green), b) pseudo-orbital for the 2s state in oxygen (dashed red) and all-electron 2s
orbital (black). Vertical lines indicate core radius.
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the potential must be localised and have the correct behaviour outside the core region,
this can be accomplished in a self consistent manner. Full details and the form of the

localised potential can be found in refs [66] and [67].

2.5.3 The Kleinman-Bylander Separable Pseudopotential

The previously discussed form of the pseudopotential requires an inseparable double sum
over the reciprocal lattice vectors to find the electron-ion energy, as the calculation of
the energy requires the matrix elements; <¢1‘VSL|¢3> to be calculated and these depend
on G and G’. This forces the calculation of this energy to scale as Ngw which severely
limits the size of a calculation if the number of reciprocal lattice vectors required is large.

If the Kleinman-Bylander form [68] of the pseudopotential is employed, the double
sum can be split into two products, the potential is written as the sum of a local potential

(independent of [ and m) and a non-local potential (dependent on [ and m);

. . . ' |61 Vi) (8Vid
/ m m
Vext (1) = Viocal(r) + 0VNL(r, ') = Vipcal(T) + Z <¢Ersn|5vl|¢£§1> ,

Im

(2.105)

6V is fully non-local and gf)f% are the pseudo-orbitals. The matrix elements are then

separable as each of the three matrix elements is local;

1

SVALI;) = S (il oFS6VE) s o pst
(loVanls) = 3 _ul6lindVi) oo e

ly,;m

(OVigrml85), (2.106)

this form then scales as N,y. The Kleinman-Bylander form of the pseudopotential
however may suffer from unphysical “ghost-states” which must to identified to ensure a
good physical potential, see ref [69] for a detailed discussion of the causes of identification

of ghost-states.”

2.5.4 Ultrasoft Pseudopotentials

While norm-conserving pseudopotentials are the ones used in this work, the quality of the
pseudopotential is always a compromise between transferability and smoothness. The
harder the pseudopotential (typically by employing a very small core radius) the more
transferable it is, but this requires a very large energy cut-off to be employed. If the
pseudopotential is very smooth (large core radius) it may not be very transferable.

A pseudopotential that is both smooth and highly transferable can be constructed by
relaxing the norm-conservation requirement when constructing the potential. The trans-
ferability can be increased further by employing multiple reference configurations.[70]

The degree of which the pseudopotential is norm-conserving for each state in the pseu-

9“Ghost states” are states of the potential with unphysically low eigenvalues.
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dopotential can be measured by using;

AQij(r) = /0 : O1(r)p;(r) — ¢ > (r)pFS (r)dr, (2.107)

where here ¢ and j are composite indexes over reference state €; and angular momentum,
[,m, such that i = {e;,I,m}, if AQ;; = 0 then the potential is norm-conserving. If the

Kleinman-Bylander form the 5VN 1, term is redefined as;

SVNL = D (Bij + Qi 7)|B:) (B4, (2.108)

Z"j

with B; j = (¢i|x;) and 5; = Zj B, ;1x;. With a local orbital x; given by;

1
Xi = (a‘i — §V2 + Vlocal(r)> fs(r), (2.109)

where Vigeal(r) is the local potential in the Kleinman-Bylander form of the potential.

The pseudo-orbitals then are the solutions to the generalised eigenvalue problem;
1 .
<2v2 + Viocal (1) + 0 VAL — 5is> PS(r), (2.110)

where S is the overlap operator;

S=14 AQi;l8)(8l, (2.111)
iMj
which only differs from 1 inside the core region. The pseudo-orbitals are then orthonor-

malised under the condition;

(0il5]d5) = b ;- (2.112)

As the norm-conservation constraint is relaxed the pseudo-orbitals can be made much
smoother and the cut-off energy required for a calculation becomes much smaller.[70]
However use of a pseudopotential in this form in a real calculation would lead to a deficit
of charge in the density in the core region, hence the density must be corrected to ensure

the correct amount of charge;
pr(r) =Y &l L (0)bnk(@) + D> (Bilonk(r) (G k(r)8))AQi(x). (2.113)
n,k %, nk

The use of norm-conserving pseudopotentials rather than the more transferable and
smoother ultrasoft pseudopotentials is due to technical reasons which will be discussed

later.



Chapter 2. The Many Body Problem And DFT 35

2.6 Finding the Ground State

2.6.1 Energy Minimisation

The Hohenberg-Kohn theorems guarantee that the total energy is variational, hence the
minimising Kohn-Sham orbitals and density can be found by iterative minimisation.
The total energy can be directly minimised by varying the orbitals, using a steepest
descent method. Starting from a trial set of Kohn-Sham orbitals, the steepest descent
algorithm proceeds iteratively by calculating the search direction, ¢ for a single orbital,

1, at iteration p, which is given by;

= —(H — (7|H|¢%)) 4} (2.114)

The minimisation of the total energy must also proceed under the constraint that the
orbitals remain orthogonal. This is achieved by orthogonalising the search direction

against all the other orbitals in the calculation, using the Gram-Schmidt scheme;

&= = SR (2115)
J#

By adding this search direction to the orbital under consideration and sampling the total
energy, a function can be fitted to find the minima in that search direction. Typically
three sampling points are used (allowing a parabola to be fitted); more points can be
used to build a higher order polynomial but typically this is unnecessary. The density
and potentials are then updated and the total energy calculated. This scheme proceeds
iteratively, band by band until the change in the total energy is within a convergence

tolerance. The full procedure for the three point minimisation is shown in figure 2.5.

2.6.2 Conjugate Gradients

While the steepest descent method is simple it does not guarantee convergence in a finite
number of steps.[52] A slight modification to the algorithm that ensures convergence in
n-steps is the conjugate gradient method, where each search direction is conjugate to all
the previous search directions. For a general minimisation problem with a gradient, gP

the conjugate gradient search direction, d? is given by;
d? =g +4PdP (2.116)
with «P typically given by the Fletcher-Reeves form for conjugate gradients;[71]

P gr.g?f

=TT (2.117)
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Generate initial Kohn-Sham orbitals; ¢5~"(r) and density; p2="'(r).

Calculate search directions;
G = (H(r) — €7)¢?(r)
and ensure orthogonality. )
e R ( ¢
Orbitals are; ¢f = @b + a(?. Orbitals are; ¢b = @ + 2a(?.
S J -
e R (
Evaluate density; Evaluate density;
ph(r) and energy; EY. p5(r) and energy; EY.
- J N\
' N
a1 Find value of « using; EY, EY and Ef
p=pr that minimises the total energy; of; .
- J
' N
Orbitals are; o5 = % + aminC’.
S J
e R

Evaluate density; ph"'(r) and energy; E5™'.

|

. P p+1
Is; EF — EPT' <
no convergence tolerance.

Have Kohn-Sham ground state.

Figure 2.5: The procedure for the calculation of total energy of a Kohn-Sham system,
using a steepest descent method and a parabolic line search.
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2.6.3 Preconditioning

While conjugate gradients decrease the number of iterations needed to obtain convergence
over steepest descent, the number of iterations can be further reduced by precondition-
ing the search direction. The Kohn-Sham Hamiltonian is considered an ill-conditioned
problem due to the wide range of values the eigenvalues can take. By applying a trans-
formation to reduce the range of the eigenvalue spectrum the problem can converge in
tens of iterations.[72]

If a calculation was exactly at the energy minimum then the steepest descent’s search
direction would have zero magnitude, this implies that the search direction can be used to
measure the error in the current orbitals.[52] The error in an orbital, d¢; can be written

as an expansion in the eigenstates of the Kohn-Sham Hamiltonian;
86i =Y ciabas (2.118)
4

this is related to the search direction by;

G ==Y (ca — (il H|$i))ci 0o (2.119)
o

with €, is the eigenvalue associated with the eigenstate, &,. If the eigenvalues were made

degenerate then the search direction would be a multiple of the error in the orbital.
From equation 2.91 the diagonal kinetic energy term dominates the total energy
relative to the other energy contributions for the higher energy states (large G). If the
Hamiltonian is multiplied by a matrix that is the inverse of the kinetic energy operator,
the higher order states become effectively degenerate and the search direction a multiple
of the error in the orbital. The preconditioning matrix, Kg g’ approximates this inverse

operator. The most commonly used form is the Teter, Allen and Payne (TPA) form;[72]

27 + 18z + 1222 + 8z

Keag =dcqa 2.120
GG T GG 97 118 + 1222 + 845 + 1627 (2.120)
where x is a function of the kinetic energy;
T+ GP (2.121)
xTr = . .
(9i|V2|di)

This form is attractive for use as a preconditioner for the orbitals as it is well behaved
(and has well behaved derivatives) as * — 0 and it has minimal effect on the search

direction for small wave vectors (z < 1).

2.6.4 Density Mixing

A less computationally expensive method for minimising the total energy is density

mixing; the method as shown in figure 2.6, starts with an initial guess of the Kohn-Sham
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orbitals. The orbitals generate a density, Hartree and exchange-correlation potentials
and the single-particle Kohn-Sham Hamiltonian. The eigenfunctions (orbitals) of this
Kohn-Sham Hamiltonian are then found by iterative diagonalisation of the Hamiltonian
matrix. Iterative diagonalisation variationally minimises the eigenvalue of an individual
orbital by varying the plane wave coefficients, while maintaining the orthogonality of the
orbitals.

The eigenfunctions and eigenvalues of the Hamiltonian matrix can also be found using
conventional matrix diagonalisation of the Hamiltonian.'® It is however computationally
expensive scaling as Ng’w and wasteful as the method calculates all the eigenvalues and
states of the matrix (which can number in the thousands) when we are only interested
in the lowest occupied states (which usually number in the 10s).[52]

If the density that results from these new orbitals is sufficiently similar to the input
density, such that the density is “self consistent” (the Hamiltonian constructed from the
density generates a set of orbitals that give the input density) and the difference in total
energy between iterations is small, then the Kohn-Sham ground state is found. If the
densities are different (the change in energy will also be large), then a new density is
chosen based on a density mixing formula that mixes densities from the current and
previous iterations and the procedure repeated. See refs; [74, 75, 76, 77] for further
details on density mixing, mixing schemes and its implementation. The Hohenberg-Kohn
theorems guarantee that the self-consistent density is also the ground state density.[52]

While density mixing is computationally simple and usually quick to converge to the
ground state, it can suffer from discontinuous changes in the Hamiltonian; this can result
in the total energy increasing and instabilities in the minimisation, especially when using

the Fock integral for the exchange interaction as it is not explicitly density dependent.!!

2.6.5 Ground State Geometry

The methods described above allow the electronic ground state energy to be found for
an arbitrary arrangement of atoms. One of the many uses for density functional theory
is to find optimal arrangements of ions by minimising the total energy of the system.

The force acting on an ion is given by the Hellman-Feynman theorem as;

o oH 990 | 7|02
Fi = g, = (01 35100+ (g 1l + (A0
o
=Z<¢z‘|@‘¢i>’ (2.122)

10Conventional matrix diagonalisation was used in early electronic structure calculations using empir-
ical pseudopotentials.[73]

" The discontinuous changes are usually due to “charge sloshing” where density is moved between two
near degenerate states, resulting in minimal changes in the energy but relatively large changes in the
electronic structure.
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Generate initial Kohn-Sham or-
bitals; ¢5~"(r) and density; pP='(r).

r

p=p+1

Construct new density;

P11 (r) using mixing scheme.

Calculate potentials; Vir[p?](r) and; Vie[p?](r).

~N

J

Solve; HP¢? = &£P¢P by itera-
tive diagonalisation to generate; ¢P.

Calculate new density; p'?(r).

!

Are; [pP — p| and;

no

EP~! — EP < con-
vergence tolerance.

Have Kohn-Sham ground state,
calculate total energy; E.

Figure 2.6: The procedure for the calculation of total energy of a Kohn-Sham system,

using density mixing.
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as the last two terms equal zero as long as the orbitals are eigenfunctions of H. R;is
the position of an ion.[78] The stress on the unit cell can similarly be calculated.[1, 53]
The geometry of the system can be optimised by relaxing the forces and stress on
the unit cell and its constituent ions to minimise the total energy. Using the calculated
forces and stresses a minimisation of the total energy can be performed using a similar
methodology as that shown in figure 2.5, except instead of varying the orbitals the ionic
positions and unit cell dimensions are varied. The total energy, magnitude of the forces
and stresses can all be used to determine whether the calculation of the geometry has
reached a minimum.[52] Finding the actual global ground state structure of a system is

the subject of considerable research.[79]

2.7 The CASTEP Code

The calculations described within this thesis (unless otherwise stated) were carried out
using the CASTEP electronic structure code.[80, 81] This code uses the techniques de-
scribed in the previous sections to solve the Kohn-Sham equations. The theory and
functionality that is described in subsequent chapters has been implemented into the
code.

The code is written in FORTRAN 90 and supports efficient fast-Fourier transforms
(FFTs) to transform quantities between real and reciprocal space. The code is also
parallelised to increase the speed of the calculation by distributing the information and
work required across multiple processors. Parallelisation can be implemented by dividing
the calculation up by k-point or G-vector, both methods can be used simultaneously.
The limiting factor on parallelisation is the requirement for the individual processors to
share information, for large scale parallelisation the time required to pass around the
information can come to dominate the total time required for the calculation. Due to
this the preference for parallelisation is to divide the calculation into k-point groups first
and then to subdivide the k-point groups into G-vector groups.

To reduce the memory overheads, especially for memory intensive non-local function-
als calculations, CASTEP also supports shared memory processes; this allows a subgroup
of processors in the same G-vector group to share the memory for the storage of orbitals
and other quantities. For a non-local calculation (as a large number of calculations pre-
sented here will be) this gives a large speed up to the calculation and reduces the amount
of memory required by reducing duplicate information, as in a non-local calculation each

process requires a copy of all the orbitals in a calculation.



Chapter 3

Theory of Local Exchange

Potentials

3.1 Properties of the Exchange-Correlation Potential

3.1.1 The Exchange-Correlation Hole

As discussed in the previous chapter there are many varieties of approximate exchange-
correlation functionals. Many depend on the density (or derivatives of the density). The
success of the LDA and successor functionals is attributed to the satisfaction of “the
exchange-correlation sum rule” (as well as various scaling relations; for further details on
sum rules and scaling relations see ref. [82]). The pair density of an interacting system

is defined as;
[(r,r') = N(N — 1)/drg.../drN\\IlT(r,r/,rg,...,rN)\Z, (3.1)

which is the probability of finding one electron at r and another electron at r’. The

integrals of the pair density and density are;

/ / drdr'T(r,v') = N(N — 1), (3.2)
/ drp(r) = N. (3.3)

However in a fully non-interacting system the probability of finding a classical particle
at r and another particle at r’ is the classical pair density, as given by; p(r)p(r’), which
when integrated over r and r’ will not yield the correct value for the pair density. The
effect of the exchange potential on the non-interacting electrons represents the effect
of the electrons being identical and satisfying Fermi-Dirac statistics. The effect of the
correlation potential on the non-interacting electrons represents interactions beyond the
mean field. The effect of exchange and correlation is to reduce the classical value of

the electron density at r due to the instantaneous position of the second electron at r’.

41
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Therefore each electron depletes the electron density around itself as a direct consequence
of exchange-correlation effects. This depletion or hole is the exchange-correlation hole,
Apge(r,r’). Equating the pair density, the non-interacting pair density and the exchange-

correlation hole gives;

p(r,r') = p(r)p(r') + p(r) Apxc(r, r'), (3.4)

and integrating over r’;

(N — 1)p(r) = Np(x) + p(r) / ' Ape(r, 1), (3.5)

which rearranges to give for every r;

/dr’ApXC(r,r’) =1 (3.6)

This implies that due to the exchange correlation interaction an electron at r displaces an
equal and opposite amount of charge around itself. The combined charge of the electron
and the change in density (or ‘hole’) are in total charge neutral.! The LDA, GGA and
HF satisfy this property of the exchange correlation potential.

3.1.2 Self Interaction

The Hartree potential represents a classical charge interaction and when applied to an
electron, that electron interacts with all N electrons in the density. Interaction with
the density includes the interaction of the electron with itself, which is an unphysical
interaction known as ‘self interaction’. In equation 2.4 the Coulomb interaction explicitly
excludes all self interaction terms (the sum includes all terms, except when i = j). Self
interaction is introduced by the use of the Hartree potential and the exchange-correlation
potential must fully correct the spurious self interaction.

To demonstrate the correct behaviour of the exchange-correlation potential we use
the simplest case of a hydrogen atom, where there is only one electron. The Kohn-Sham

total energy is then;

Pl — —% / dré(r)V2e(r) — / drp(:) +% / drdr"m + Eelp(m)],  (3.7)

the Hartree energy is purely composed of self-interaction energy and hence the exchange-
correlation energy must correct this spurious contribution. Indeed for any single orbital
(with single orbital density, p;(r)) the sum of the Hartree and exchange-correlation en-

ergies is zero. Using the exact exchange energy (from Hartree-Fock theory) the sum of

1t should be noted that the charge of the hole is actually +1, but we follow the convention that the
charge of an electron is 1, despite the electron being negatively charged.
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the energies is given by;

[ a2 O [ e BRI e a

v — /|

it is easy to see that the Hartree and Fock energies cancel exactly, leaving the single
orbital correlation energy to be zero. For Hartree-Fock the self-interaction is cancelled,
however for the LDA and its derivatives the self-interaction is not fully cancelled.[3] This
also implies that an electron interacts only with the NV —1 other electrons in the material.

The interaction of an electron with only the other N — 1 electrons leads to a third
property. Considering an electron in an atomic N electron system that is at » — oo, at

this distance the external potential is;

- N

V;}Xt(r) — _77 (39)
and the Hartree potential as;
~ N
Via(r) — - (3.10)

However the electron at » — oo should interact with the positive ion (the atomic core
has charge +N) and the remaining electrons (with charge —(N — 1)) but instead sees
a neutral atom due to self interaction. Therefore in an exact system the exchange-
correlation potential must decay as;

- 1

Vie(r) — —0 (3.11)

to fully cancel the self interaction at long range. This property is satisfied by the Hartree-
Fock approximation by virtue of it cancelling self interaction but not the LDA or its
derivatives.

Due to satisfying the above conditions, Hartree-Fock seems like a natural choice to
produce accurate electronic structures. However Hartree-Fock suffers from other issues
due to the non-local orbital dependent nature of the exchange potential. The exchange

potential was previously defined as;

0 o
Voyg(r Z//d dr 5 E)oy (x )@. 7(r'). (3.12)

v — x|

In Hartree-Fock the excitation energies are very large, due to a difference in treatment
of the occupied and unoccupied orbitals. The occupied orbitals interact with N — 1
electrons, whereas the unoccupied orbitals interact with IV electrons.[13] This amounts to
adding an electron to the system, assuming no response of the system and no correlation,
resulting in a very large energy. Whereas for a local exchange-correlation potential
the occupied and unoccupied orbitals interact with the same potential.[1] This leads to

smaller excitation energies than those found for HF. Due to the self-interaction error
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in the LDA and GGAs the excitation energies are very small relative to experiment, as
the self interaction in the occupied orbitals shifts the eigenvalues for these states by a
positive amount.

These issues lead naturally to the proposition of finding an exchange-correlation
functional that satisfies the exact properties that HF satisfies, that is orbital rather than
density dependent (like HF), while retaining the local nature of the Kohn-Sham scheme,

such that;
% 5Exc [qu]
Va(r) = ——. 3.13
= (3.13)
However the functional form of this potential is not known explicitly in a closed form.
In analogy to the second Hohenberg-Kohn theorem, there must exist a local exchange-
correlation potential that minimises the total energy functional for a given system. This

also implies that the total energy is a functional of the exchange-correlation potential;
EVE(r)] = E[{¢i[Ve(r)l}]- (3.14)

Additionally as the exchange-correlation potential will determine the orbitals through
the Kohn-Sham equations, the orbitals are then functionals of the potential. The total
energy for a given exchange-correlation potential can then be found from the orbitals,
allowing an orbital dependent total energy functional to be used which is implicitly
dependent on the potential.[1, 83]

Finding the potential that optimises the total energy using a local potential for
the exchange-correlation potential while having an orbital dependent functional for the
exchange-correlation energy is known as the “Optimised Effective Potential Method”.[3,
4, 35, 84]

3.2 Exact Exchange by the Optimised Effective Potential
Method

3.2.1 Exact Exchange by Chain Rule Expansion

The local exchange-only potential that minimises the Hartree-Fock total energy is known
as the exact exchange (EXX) potential. The EXX potential for an insulating Kohn-
Sham system can be found exactly using the optimised effective potential method.?
Correlation between the electrons is neglected. Using approximate correlation functionals
for the missing interactions such as the correlation part of the LDA (LDAc) or GGAs
(PBEc) are an option but the exchange-correlation potential may no longer benefit from

a cancellation of errors between exchange and correlation.? The exchange-only potential

2The generalisation of the exact exchange potential to include metallic systems is addressed in section
3.6.
3This cancellation of errors is part of the success of the LDA and GGA.
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is given by;
- 6 Ex[¢f]
VI(r) = Lo, 3.15
) = e (3.15)
The orbitals are the solutions to the Kohn-Sham equations;
v2
G Ve [a P v s = ot 60

The total energy is given by the Hartree-Fock energy functional;

ZZ—/dr¢UT (r)V267 (r) + /drVext //d vl _r/|)

o =1

vyl //dd, |<>_¢<’ LA

o =1 j=1

with the orbitals and densities generated from the Kohn-Sham equations.

Expanding the local exchange potential using the chain rule gives;

Vo(r) = ZZ/d ,6¢" ”E:;) +h.c. (3.18)

expanding the potential using the chain rule again gives;

o (DE(67) 807 x) 505 ()
ZZ//dd (W e U(”)+h..> S (319)

o’ o =1

where VS"(I') is the full Kohn-Sham potential (all non-kinetic energy components of the
Kohn-Sham equations, equation 3.16).
The last partial derivative on the right hand side is the inverse static density-density

response function of a non-interacting system;

6p7 (r)

R TINE (3-20)
5VSU (r")

1
ng (I', I‘”) =

The integral equation is only non-zero when ¢ = ¢”, which reduces the response function

to a single spin variable;

-3 ffator (GO ove st o

o/ =1

Acting with the response function on both sides leads to;

/ dr'VI ()G () =D / dr’ 5?"[‘?] 5‘?; (') +h.c. (3.22)
? S
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The rational for expanding the local exchange potential using the chain rule is that
while the functional derivative cannot be explicitly evaluated, the components under
expansion can be directly calculated. The derivative of an orbital with respect to the

potential is given by;

067 (X) _ . o~ #R()p (r)
SV (r) Irot 2

e? — &9
k=1,k=i i k

o7 (x). (3.23)

Expansion of the density in the response function and substitution of the above, leads

to;

) =Y 2 (6717 ).

N° 00 ot o OF ( I\ 1O (]
:Z Z ¢; ' (r)g7(r)gy (') g7 (x') +he. (3.24)

o _ -0
i=1 k=1k#i STk
The density-density response function as shown above was defined by Grabo et al.[84]

However the density-density response function is more commonly written;

N7 o0 of o T (N 4O (]
Baer)==> > % (r)¢“§§)_“€§r ) +h.c., (3.25)
i=1 a=No+1 a v

as the portions of the response function indexed by & that involve occupied states (k <
N?) have zero effect on the density, leaving only unoccupied states in the sum over k.*
The density-density response function, xg(r,r’) is a negative definite function as all its
eigenvalues are negative, except for one. In the case of the change in the potential being
a constant, the density-density response function has zero eigenvalue, as changing the
potential by a constant does not affect the orbitals or the density.

Substitution of equations 3.23 and 3.24 into equation 3.22 gives;

N° o 00 o ot/
> [ (V;;’(r')—l 5E"[¢”> > A b s
=1

o7 (x') 997 (r') et Gk
Ng ~ A~
Z/dr’q&?(r') (VX"(I”) — ﬁf{l(r)) Gg,;(r, r')¢7 (r) + h.c. = 0, (3.26)
i=1
where;
g (x) = —— 22xl7) (3.27)

¢71(r) 067 (r)

4Sums over occupied states are typically indexed by 4, sums over unoccupied states are indexed by a.
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and we define a Green’s function as;

. X o7 (r)e ()
GEilrr)= 3 5 (3.28)
k=1 ki i k

this results in the standard form of the OEP integral equation, in this case for the

exchange only potential but this equation is fully general.[84, 85, 86, 87]

3.2.2 Exact Exchange by Minimisation

The optimised effective potential integral equation can also be obtained from having a
local potential that minimises the total energy functional, in our case equation 3.17.

Minimisation leads to the condition of;

=0, (3.29)
Vg ()= Vet (1) + Vi (1) + V2 ()

this is equivalent to the second Hohenberg-Kohn theorem but with the density replaced

with the potential.[88] Expansion of the above condition using the chain rule gives;

, ?/(r’)
dr +h.c.=0. 3.30
5> [ W S (3.30)

o’ 1=1
Using our previous definition of the Green’s function and equation 3.23 gives;

597 (r')
SV (r)

= 5y G0, 1) (1). (3.31)

The derivative of the total energy is;

SEVE] ot [V o [ )
5¢f(r)_¢l()[ 2 +Vext()+/d |I'—I'/|:|
)<f> ()

_ UT
Z/d ¢; /| J (3.32)

22 , p(r') 1 0Ex[¢7]
+‘/ext( ) /dr ’I‘— r” + QZ);TT(I') 5(1)?(1.)

=¢71(r)

)

2

substitution of the Kohn-Sham equation (equation 3.16) into the above then gives;

1 6B [47]

2

o7t (r) 097 (r)

=¢71(r) [ ~Vo(r) + (3.33)
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Putting both of the above expressions back into equation 3.30;

v
dr' 671 (r)
>/

Using;

1 0EX[#7]

2

67 (x') 967 (r')

€7 —VI(r') + Ggi(r,¥)¢7(r) + he. = 0. (3.34)

[ s a6 ) = o (3.35)

and our previous definition of a§7i(r), equation 3.27, then gives the standard integral

equation;
N . )
3 / ar'e (') [V () = g, ()] G0, 7)67 (1) + he. =, (3.36)
i=1

having multiplied through by —1.[89, 90, 91]

Unfortunately, there is no analytic solution to the integral equation and hence it
must solved numerically. Doing so is rather computationally demanding, largely due to
the infinite sum over all states present in the Green’s function, G’gyi(r, r’). As an infinite
sum in any practical calculation is truncated to finite order, such truncation yields a
slowly converging series in which many excited states must be considered. Truncation
of the sum also introduces an error in the potential which can reduce the accuracy of
the resulting potential.[92] The relatively large computational expense is the reason that
exact exchange (EXX) calculated via the optimised effective potential (OEP) is not as
widely used as the LDA, GGAs or hybrid functional methods. Despite these problems
calculations have been done for solids using the augmented plane-wave (APW), the full
potential linearised augmented plane-wave (FPLAPW) methods[93, 94, 95, 96] and the
plane-wave pseudopotential method.[97, 98, 99, 100, 101, 102, 103]

3.3 Exact Exchange by the Hylleraas Variational Method

3.3.1 Exact Exchange by Perturbation Theory

We now demonstrate that the EXX potential can also be calculated without sum-
ming over all unoccupied states of the Hamiltonian. As the EXX potential satisfies
a Hohenberg-Kohn like term, equation (3.29), the potential can be found by direct vari-
ation. Varying the potential;

Vo (r) = VI(r) + 6V (r), (3.37)

causes the orbitals to change by;

07(8) = 6706) + 37 (0) = 7 () + | dr’avxf’(r')%, (3.38)

X



Chapter 3. Theory of Local Exchange Potentials 49

if expanded to first order where ng(r) is the first order response of an orbital to the
perturbation.[104, 105, 106] The first order orbital can be written;

-y [ DR () [aghe) ~ V] 7). (3.39)
ey — e

k=1,k#i

The change in the total energy is then;

SE[VC]

X

sV (r)

AFE = / dréVe (r) (3.40)

Using the expanded minimisation condition of the optimised effective potential (equa-

tion 3.29) gives;

7] 697 (r')
5vv ZZ/ 5¢0 r’ ) Vo (r) i (3.41)

o/ =1

Sy Y [t TR [ = Vot o1 0

8
i=1 k=1,k#1i

where we have used the forms given in equations 3.23 and 3.33. It can be readily
seen that contributions to the functional derivative of the energy between products of
occupied states and their hermitian conjugates cancel (if £ < N7) as the response of a
system due to a perturbation depends only on the component of the perturbation that

couples occupied states to unoccupied states, giving;

 da ()7 ()93 (r')
Yy [artmerie.

i=1 a=N7+1 ?
x [ag, () = V2 ()] ¢“T (') + hc. (3.42)

This implies the first order orbital can be written;

Z / d/(basv_g ){uit( ) - x”(r’)] ¢7 (r'), (3.43)

a=N°+1

and the functional derivative of the energy with respect to the potential is given by;

Z o7 (r )+ h.c, (3.44)

writing the functional derivative of the energy in this form was first shown in refs [107]

and [108], where the first order response of the orbitals are referred to as “orbital shifts”.
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This functional derivative can be used to vary the potential such that;

V7 (r) = V7 (r) + V7 (r) = V7 (r) — A / ' _1 ~ % (3.45)

With A > 0, the resulting change in energy is then always negative;

AE = —\ / / drar’— - °F (V] oF WXU]. (3.46)
v — 1| §Vo (r) 6V (r')

X

Hence by varying the potential as shown in equation 3.45 the total energy can be min-
imised and the exchange potential optimised using the functional derivative in equation
3.44.

3.3.2 The Hylleraas Variational Method

A method for finding qgf (r) without having to explicitly include any unoccupied states
is to use the Hylleraas variational principle.[109] We start by defining the second order

functional;

G7[67) =(H7|T + Vext + Vi + V7 — 7107 + (@7 |05}, — Vi — &717)
+ (@7 |agl — Vi — &7147), (3.47)

where €7 is the first order correction to the eigenvalues. Under the constraint;

(87167) + ($7|97) = 0, (3.48)

GY is variational with respect to qgf . This constraint is known as the “parallel transport
gauge”. The second order variational functional when minimised and summed over all
occupied states and spins equals the second order energy due to the perturbation and
the <Z>f that minimises G¢ is the first order orbital given by equation 3.43.

As previously stated the response of a system due to a perturbation depends only on
the component of the perturbation that couples occupied states to unoccupied states.
Hence we only need to consider parts of the perturbation that project the occupied
orbitals onto the unoccupied orbitals. This can be accomplished by projecting the per-
turbation onto the unoccupied orbitals, such that the last two terms in equation 3.47

can be rewritten;
(07|47, — V2 = &7167) = (9 | Pe(a), — Vi2)I67), (3.49)

where P, is the projection operator onto the unoccupied states (conduction band) defined

as;
o

e
Po=1= 1¢5)(e51= D loa)(e0l; (3.50)
j=1

a=N+1
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I is the identity operator. The second order variational functional is then;

GI[07] =(H7|T + Vext + Vit + VI — €716) + (87| Pe(al — V)7
+ (7|l — V)Pl o7), (3.51)

Taking the derivative of GY with respect to gZ;fT gives a Sternheimer equation[110]
that can also be used to find ggf ;

(T + Vet + Vit + Vi = e0)|07) + Pe(ag; — Vi7)|67) = 0. (3.52)

The Sternheimer equation can also be variationally solved to find qu and is preferable
to using the second order variational functional, G¢ as it is trivial to verify that the
Sternheimer equation is satisfied when calculating ggf . Using the Sternheimer equation
to find &g and using the form of the functional derivative that depends only on ¢ and
g?)f (equation 3.44) avoids having to perform the infinite sum over states required by the
conventional EXX method.

Using equations 3.44 and 3.52 to calculate the EXX functional derivative that min-
imises the Hartree-Fock total energy, allows the EXX potential to be found using only
the N lowest eigenvalues of the Kohn-Sham equation. This improves on previous im-
plementations that calculate the functional derivative by truncating the infinite sum to
arbitrary order. The EXX potential can be found using an iterative scheme, full details

of which will be presented in the next chapter.[111]

3.3.3 The Form of the Functional Derivative

In equation 3.45 the change in the EXX potential was chosen to be the convolution of
the EXX functional derivative and ——

r=rT’

SV (r) = —)\/dr’ ! 5AE[VX ]
= ove )

(3.53)

We could also choose the change in the potential to be along the EXX functional deriva-
tive; X
~ OE[V?
VI (r) ==\ A[ = ], (3.54)
SV (r)

which would be the most obvious choice for the change in the potential. This is the choice
of the change in the potential that we first implemented, in ref [111]. The simplicity of
the latter algorithm is appealing, and until recently all results (for EXX, CEDA and
LFX) were calculated using this method. However, we discovered that if this algorithm
is iterated for a large number of cycles, past the satisfaction of our convergence criteria,
then numerical instabilities in the potential develop.

These instabilities were documented and explained in ref [92] and can be avoided by

use of (3.53) instead of (3.54). The former algorithm is an improvement over the method
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based on (3.54), as can be seen by the following arguments: The functional derivative
has units of charge density. A density is related to its corresponding potential by the

Laplacian of the potential. For the Hartree potential;
ViV (r) = —4mp(r), (3.55)

which rearranges to give;

Via(r) = / ' ) (3.56)

v —r'|’

For the Hartree potential plus the EXX exchange potential;

Vat(r) + Vi(r) = / ' L1x(F) (3.57)

v — x|

the Hartree exchange density, ppx(r) integrates to;

/drpHX(r) =N -1, (3.58)

as the Hartree plus exchange potential is self interaction free. As the EXX functional
derivative has units of the density it describes the change in the Hartree exchange density
due to the perturbation, rather than the change in the potential. Hence the change in
the potential is expressed as the electrostatic potential of a change in a density, with the
change in the density given by the EXX functional derivative, leading to the form of the

change in the potential as shown in equation 3.53.

3.3.4 Iterative Procedure to Calculate The EXX Potential

The Hohenberg-Kohn theorems guarantee that the total energy of a system is variational,
hence the exchange potential that minimises the Hartree-Fock total energy can be found
by iterative variational minimisation. At iteration p, the EXX potential can be optimised
by calculating the functional derivative of the energy with respect to the potential and

using that to optimise the potential for use in the next iteration p + 1;

1 OE[VIP
v — /| VP (r!)

Vortl(p) = VIOP(r) — A / dr’ A >0, (3.59)
the value of X is determined by a line search.” The above requires the calculation of
the first order orbitals from the Sternheimer equation (equation 3.52) to evaluate the
functional derivative (equation 3.44). The Sternheimer equation itself can be determined

iteratively, leading to a double loop iterative procedure to find the EXX potential;

1. For potential, VP (r), determine the ground state orbitals ¢”(r) from the Kohn-

Sham equations and total energy from the Hartree-Fock total energy expression.

5The procedure for conducting a line search is outlined in section 4.1.5.
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2. Iteratively solve the Sternheimer equation to get the first order orbitals; QNS?’p (r).
3. Evaluate the functional derivative of the energy with respect to the potential and
71 E[VZP]
convolute Wlth ,| fd = Wap(r)
4. Determine optlmal value of \.

1 SE[VP
[r—r'] §V.7P (x/)

5. Construct new potential by adding [ dr’ multiplied by A.

This procedure continues until the ground state is reached, which is when the difference
of the total energy between iterations tends to zero.[111] The full computational details

and implementation of this algorithm are detailed in the next chapter.

3.3.5 An Alternative Exact Exchange Objective Functional

The method outlined in sections 3.3.1-3.3.2 finds the EXX potential by minimising the
Hartree-Fock total energy. The EXX potential also can also be derived by considering
the energy difference Tiy;

Ty[V] = (U|H,|¥) — E, >0, (3.60)

where V¥ is the ground state many-body wave function of a system of N interacting

electrons. The interacting Hamiltonian that generates W is;

Z ” + ZVext r;) Z (3.61)
ri — r]|

%#J

The Hamiltonian H, is the sum of the N non-interacting Kohn-Sham single particle

Hamiltonians;

, (3.62)

. N Noow2oo
He=) "> hy(r)=>_>" [—2 +V(r;)

o =1 o =1

FE is the sum of the eigenvalues of the Kohn-Sham system, V is an effective local potential
and the ground state Slater determinant of this non-interacting system is, ®..

In the Hartree and Hartree-Fock approximations, the central idea is to approxi-
mate the interacting wave function. The approximate ground state is then found by
minimising the interacting Hamiltonian, H, using the approximate wave function. In-
stead, the inequality given by equation 3.60 suggests we try to optimise the effective
non-interacting Hamiltonian, H, for which the interacting ground state, is a good ap-
proximate ground state, rather than approximating the wave function and minimising
the interacting Hamiltonian. Using the Rayleigh-Ritz variational principle equation 3.60
results.[112]

Direct minimisation of Ty [V] by variation of V, will find the optimising potential to

be the Kohm-Sham potential, with the same density as W. This follows easily, since the

5The set of N Kohn-Sham orbitals can be represented as a Slater determinant.
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functional derivative of Tiy[V] is;

V)Y gy o) P g DY OF
( ) (5V( ) oV (r) oV (r) oV (r)

/\

~(w

vo o

Z ¢"|—|¢>Z> (3.63)
=1

=pu(r) — pv<r>-

At the minimum, the functional derivative of Ty [V] vanishes.

The interacting wave function, ¥ is not known. Still, following reference [112] it can
be expanded in a perturbative expansion. We start with a non-interacting Hamiltonian
as our zeroth-order approximation, with a local potential Vi (r) 4+ U(r), where U(r)
is an undetermined potential that mimics the electron interaction potential. The non-
interacting zeroth-order Hamiltonian is;

H‘A/ext“!‘f]

=T+ Vexs + U, U=> Ulr), (3.64)

the eigenstates and eigenvalues of which are ®,, ,, and F,,, respectively. It is worth noting
that @, is an excited Slater determinant of the zeroth-order Hamiltonian, the index n
sums all possible excited Slater determinants. The ground state Slater determinant is
Dy,.

If we consider the interaction as a perturbation to the non-interacting zeroth order
Hamiltonian, we can define a tunable Hamiltonian that switches on interactions as a

perturbation;
N
H(a)=Hy o+ o(Vee— Y U(ry)), 0<a<l (3.65)

The interaction is linear in « and for o = 1 the Hamiltonian is fully interacting and for
« = 0 the Hamiltonian is fully non-interacting. For small « the interacting ground state
wave function of H (), ¥(a) is to first order;

U(a) = &y + ad’.. (3.66)
To ensure ¥(«) is properly normalised;
(T(a)|¥(@)) = 1+ a®(,|2), (3.67)

hence ¥(«) is written as;

U(a) = Dy + a®, — %@u<q>{l\q>;>, (3.68)
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up to order a.” The first order correction ®/, is then given by;

Dyn|Vee — Ul®
=) < B E | u>‘1>u,n- (3.69)
n u,n u

Turning to the effective non-interacting Hamiltonian, H, with the interacting wave
function ¥(«) as its approximate ground state, the effective potential V will be close to
Vext + U since at o = 0, V = Vi + U. Hence for small o, V = Vit + U + oV’ where V'
is a perturbing potential. We then consider the perturbed non-interacting Hamiltonian;
N

He=Hy _g+ad V() (3.70)
i=1

with a ground state Slater determinant given by, ®31.¢. This ground state too can be

expanded up to order «;

2
~ a ~ ~
Oy o = Dy + b — ?‘I)u((buq){l). (3.71)
The first order correction @{l is then given by;
- By |V'|D)
= -5 Lual Vi) g 3.72
u Z Eu,n _ Eu u,n ( )

In appendix B we show that if we substitute W(«) in place of ¥ in the energy difference
Ty[V] and expand in powers of a, the lowest order non-zero term is the second order

energy difference, T"[V];

T// ZZ Z |VHu )+ uxuz( ) - Va(r)|¢g,a>‘2 <0 (3'73)

ag —
o i=1a=No+1 5117(1 6u,i
If V7 is changed by a small variation, 6V the change in the energy of T is;

AT =TV + 6V — T [VC]

I"[yo 2l [ o
:/5V"( STV /5v0 Y PN U IR

5V°’ (5VU( )(5V"( ")
where;
ST vcr o % ilViu(r) + a2, ,(r) — Vo (r)[6F )
X,U,8 wal ot o
5VU’ ;a %;-1-1 Eg’a _ Ei,i (Z)u,a(r) u,z(r)7 (375)

"We obtain equation 3.68 by dividing the right hand side of equation 3.66 by the square root of the
right hand side of equation 3.67 and Taylor expanding up to a?.
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and; R
w = —lfgu(r,r’). (3.76)
Ve(r)ove(r') 2
As x9(r,r') is a negative definite function, for fixed U, T"[V?] is a convex function of V7.
When the functional derivative in equation 3.75 is equal to zero, T,[V?] is minimised
and V7 is the minimising potential.

If we choose the local potential, V7 (r) to be the minimising potential of T"[V] and
the zeroth order potential U to be equal to V", then equation 3.75 is the EXX functional
derivative (equation 3.42). V(r) is then the sum of the Hartree potential and EXX
potential; V(r) = Vi (r) + V2 (r). This implies T[V?] could be used as the objective
function that is minimised to optimise the EXX potential.

In this work the optimisation of the EXX potential is accomplished by minimising
the Hartree-Fock total energy rather than optimising 7/ [V?]. T”[V?] is however useful

for formulating approximations to the EXX potential.

3.4 Approximations to EXX

3.4.1 The Approximation of Krieger, Li and lafrate

Due to the demanding numerical cost required to solve the full integral equation to
the find the EXX potential, considerable work has gone into finding approximations
to the potential that are less computationally expensive and retain some of the formal
properties of the EXX potential. We now derive and discuss some approximations to the
EXX potential.

The approximate exchange potential of Krieger, Li and Iafrate is a simple approxi-
mation that allows easy calculation of an approximate local exchange potential.[89] The
starting point is the expansion of the functional derivative of the energy equation 3.41

and writing the first order orbital as;

5 x I(p of r .
w=- > dr’¢k(g)fk€§ Maghe!) - Vo] or). @

g
k=1,k#i

If we then employ the Unsold approximation [113] and set the eigenvalue difference;

ey — €7 = Ac to be constant; then the first order orbital can be approximated;

0 a(p of r .
By == Y [ar A Gty o] srw), @)

7 Ae X,1
k=1,k#i

we can then employ the closure relationship;

S et () = d(r — 1) — o7 (r)g (¥), (3.79)

k=1,k#i
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and substitute to get;

() = = - [aghr) = V1) o o

b an0nl) [ [afle) - VI or), 80
= [ — VR () — g+ VRS g ),
where;
%= [ drof i (7 (), (381)
and;

VU — [ o o) 7 (1) o), (352

are the orbital dependent constants of the non-local Fock exchange term and the local
KLI potential respectively. Substitution into equation 3.44 and rearrangement gives the

KLI potential equation;

[7KLLo 2 [ag () — ag; + VE] + hee. (3.83)

A further approximation can be made if ug ; and VELLT are assumed to be equal, resulting

in the Slater approximation;[3]

NU
‘rSlater,o r) = 1 7(r)|? uUT . .
V) = oy 20 197(F) () + aZl(x) (3.84)

Both the KLI and Slater potentials are mean field approximations to the EXX po-

tential.

3.4.2 The Common Energy Denominator Approximation

A slightly improved approximation is the “common energy denominator approximation”
(CEDA),[114] which is also equivalent [115] to the “effective local potential” (ELP)[116]
and “localised Hartree Fock” (LHF) potential.[117] Starting from the first order orbital
defined in equation 3.43 and again using the Unsold approximation to set the eigenvalue

difference to be constant then the first order orbital can be written;
FEA ) = Y [ DD i) - 0P ()] g7 ), (3.89)
a=N+1
we can then employ the closure relationship;

[e.9]

> el () = d(r— 1) Z@ (3.86)

a=N7+1,
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which when substituted gives;
FEPA ) = [af’vr) - VXCEDAv%r)} o7 (r) (387)
Z / ' (1) (o) [aZh () = VEPA ()] 67 ().
Substitution into the functional derivative of the energy gives;
‘;%iim 11 Z 671 (x) [P (1) — g, )] 67 ()
on iqﬁ"* )¢ (r / dr' 7" (x') [a;xr’) - VXCEDAvf’(r’)} ¢7(r'). (3.88)

Z].j].

The CEDA functional derivative will not fully minimise the Hartree-Fock total energy
as the EXX potential will. However we can construct a minimising function for CEDA by
returning to the second-order energy difference T/ and setting the energy denominator

to a constant Ae =€ —€7;

Ty EPA = ZZ Z —l{o71ag; = VZI97) > 0. (3.89)

o i=1a= N‘Url

Then applying the Unsold approximation using the same closure relation as applied to

the functional derivative (equation 3.86) to get;

No No N©
SOEPA NS (@710, — V)26 ZZW” i, = VeleDIP . (3.90)
o =1 i=1 j=1

SCEDA 55 it is identical to the quantity

where the objective function has the symbol
used to optimise the ELP and we retain their symbol to give them credit.[116] The ELP
minimising function is derived as the sum of the magnitude of the residual vector of the
difference between the ELP and Fock integrals applied to the KS orbitals for the ELP
KS equations. This choice of function is valid as the CEDA, ELP and LHF potentials
are equivalent approximations.

While the KLI and CEDA approximate potentials exploit the same Unsold approxi-
mation the CEDA potential should provide a better approximation to the exact exchange
potential. The KLI potential is derived without removing the sum over states, k that
are occupied in the ground state but which do not contribute to the first order orbital.
These occupied states for k£ < ¢ will give e —ef < 0 and for other states, e — &7 > 0
hence approximating the eigenvalue difference as a positive constant results in the first
order orbital having the wrong sign for states where k& < 4. In the CEDA functional

derivative all the eigenvalue differences have the same sign and so setting the eigenvalue
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difference to a positive constant preserves the correct sign for each state in the first order
orbital.

3.4.3 Iterative Procedure to Calculate the CEDA Potential

The objective function for the CEDA potential, SCFPA has a functional form that is
variational and hence can be used in iterative procedure similar to the one used for the
EXX potential.

1. For potential, V,7* (r), determine the ground state orbitals ¢;”(r) from the Kohn-
Sham equations and value of SCFPA,

2. Evaluate the CEDA functional derivative with respect to the potential, equation
3.88. Convolute the functional derivative with ﬁ

3. Determine optimal value of A, via a line search.
1 SE[VP)
[r—r’] (;f/XCEDAaUyP(r/)

4. Construct new potential by adding [ dr’ to the potential multi-

plied by A.

This procedure continues until the ground state is reached, which is when the difference

in SCEDA hetween iterations tends to zero.

3.5 Exchange Potential by Optimisation of the Density

3.5.1 The LFX Potential

So far the local exchange potentials have been potentials that optimise the total energy
of the system, or an approximate form of the total energy. However from the Hohenberg-
Kohn theorems, the total energy is uniquely determined by the density of the system.[15]
Hence by optimising the density rather than the energy we can also find the ground state
of a system. We now consider a method for determining a local exchange potential that
optimises the density of a reference system.

Returning to Ty [V] (equation 3.60) for an interacting system with ground state ¥
and density py(r) there will be a Kohn-Sham system with an exchange-correlation po-
tential Vi(r) and orbitals ¢7 (r) that also adopts py (r) as the ground state density.[112]
Neglecting correlation the interacting system is Hartree-Fock, with its ground state wave
function in the role of the Slater determinant Wpr and density ppr(r). The Kohn-Sham
system only has an exchange potential Vx(r) as its exchange-correlation potential. Using
equation 3.60 the energy difference between the Hartree-Fock and Kohn-Sham systems
is:

Tar (VY] = (Vap| Ho|Uar) — By > 0, (3.91)

with H, the sum of the N Kohn-Sham single particle Hamiltonians, h, = —%2 +V(r)
and F, is the sum of the eigenvalues of the KS system. The single particle orbitals,

@7 (r) satisfy h and generate a density pv(r). The functional derivative of this energy,
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THF[V"} with respect to the exchange potential is given by;

A~

STup[V]  00pup SH, N
570 (r) <5VXU(I')’HV|\IJHF> (Vnr| Vx(r)l‘I’HF> <‘1’HF|HV|75VXU(F)>
B oF,
sV (r)
sV N sV
<‘I’HF’5V o(r )|‘I’HF> 1Z:<¢z ’cWU( )|¢z> (3.92)

=phr(r) — py(r).

Addition of this functional derivative to the potential can be used to minimise the energy
difference in an iterative scheme and at the minimum of Tyr the two densities should be
equal.[112]

To prove that Tyr can be used to optimise the potential \Zf(r), we consider the
change in Tyr for a change in the potential V7 (r) — V7 (r) + A6V (r) is written;

V]

o | T o0
Tyr [V + 0V7] = Tar V] + )\Z / droVy (r HF( ’; (3.93)

for A > 0 and choosing;

o Ph 2
SVe( /d’ il |r_r,’ pe(r ), (3.94)

using the rational for the choice of the form 5VX" as explained in 3.3.3.
ATyp[V? + 0V7] can be written;

ATHF[‘A/XU + (HA/XU] = THF[VU + (5‘70] — THF[ Xa]
o 5THF[‘>§§’]
= dré Ve ( 3.95
>/ L (3.5)
__ ey PRE(E) = P7(0)) (pp () — p7 ("))
= AZU: / / drd ‘ ,

r—r|

by substitution of the two definitions of 6V, (r) and 0w [V:7]

Soe( >; Defining the Hartree energy

of the difference in the two densities;®

-5 ] dnae )~ D) ) (5.96)

v — /|

As U[V?] is always positive this implies that ATyr[V?] is negative. Hence addition of

=\ [dr’ ‘r_lr,‘ 6?\7}[5&%;] to the potential V7 (r) will decrease the value of Ty r[V7].

8Strictly twice the Hartree energy of the density difference
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. 1 8Tup[Ve] . . S
Furthermore adding —\ [ dr’ =g % to the potential will also decrease U[V,7]

as a change in the potential induces the following change in the density, dp?(r) of the
Kohn-Sham system;

o (AN Tl
5p7 (x) = / dr' 3 (0,7 )0V7 (1) = —\ / dr' 57 (v, 1) / g Pir (™) ff|v<r ) o7

v/ —r

where {7 (r,r’) is defined in equation 3.25. The change in U[V,?] due to the addition of
A6V (r) is given by;

UV +A5V2] = UL, ——2)\2 // deap 7 ) (P () = pZ (x')) (3.98)

v —'|
P (r Pv( ) <o Pie () — p7 (x™)
= 2)\2 / / drdr’ |r 5 / dr’"%% (r,x") / dr" T

for 6p°(r)2 — 0 . As x°(r,r') is a negative definite operator? the change in U[V,] is

always negative. E.g. Assuming {7 (r,r") =~ —0(r — r”) gives;

UV + AV — —QAZ/dr (/ Pl () = pg(r’)>27 (3.99)

v — |

which is always negative and hence U[VX"] can also be used to optimise the local potential
that adopts the Hartree-Fock density. We choose to call the potential that reproduces
the HF density the “Local Fock Exchange” (LFX) potential and can construct it by
adding the LFX functional derivative (equation 3.92) to the potential in an iterative
procedure.[118]

Relative to the procedure to construct the EXX potential, the LFX potential is
much simpler to calculate as the functional derivative is just the difference between
two densities rather than having to calculate the first order orbitals via a Sternheimer
equation.

The optimising function U [VX”] can also be used to very efficiently invert any target
density, and obtain the effective local potential that reproduces the target density. In-
verting densities is a very active area of interest in the field of frozen density embedding
schemes.[119, 120]

3.5.2 Iterative Procedure to Calculate the LFX Potential

In the previous section it was shown that the optimising function U [VX"] is variational
and hence can use an iterative procedure similar to the one used for EXX to find the
LFX potential.

1. Initially solve the HF equations to get the HF density.

9All its eigenvalues are negative
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2. Evaluate the LFX functional derivative with respect to the potential, equation 3.94
and value of U[V?] for the current potential.

3. Determine optimal value of A, via a line search.

4. Construct new potential by adding the LFX functional derivative to the potential
multiplied by A.

A

This procedure continues until the ground state is reached, which is when U[V7] tends

to zero.

3.6 Extension to Metals

3.6.1 Fractional Occupancies

So far while we have not specified the type of system the theory applies to, there has been
an implicit assumption that the eigenvalues of the Kohn-Sham system are divided into
two kinds, occupied by an electron up to the N°-th band and unoccupied thereafter.'®
This restricts the application of a Kohn-Sham system to an insulating system. To extend
the application of KS theory to metals and degenerate systems, each orbital must also
have an occupancy assigned to it, n with values; 0 < nJ < 1.1

Whenever there is a sum over the orbitals each term must be weighted by its occu-

pancy. The density is then given by;
o
p(r) =" nfe7 (r)¢? (r), (3.100)
o =1
and quantities such as the kinetic energy are written as;
1 oo
T=— D> ng / dro?" (r) V29 (r), (3.101)
o =1

and the Fock exchange integral;

00 00 o) o7 (1) 0% (r) T (v
V, = ;ZZZ//drdr'nfn?gbi ()¢ )d){(' 95 ( ). (3.102)

i £ r —r
o i=1j=1

To consider a system with fractional occupancies while retaining numerical stability
the occupancies must smoothly vary from 1 — 0. In an insulating system the eigenvalues
are Dirac 0 functions; in a partially occupied system the eigenvalues are broadened by

using a smearing function, dg;

1-/g°
7 - o) = 35 (). (3,109

0Tndexed by i and a respectively
HThe occupancy also depends on the k-point of the orbital; ng k.
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where dyp(x) is a function that integrates to 1 and in the limit 8 — 0, tends to the Dirac
¢ function. The smearing functions, & () that can be used are: Fermi-Dirac broadening,
Lorentzians, Gaussians, Gaussians combined with polynomials or cold smearing.[104] In
this work by preference Gaussian broadening will be used, however the theory presented

here remains fully general. The occupancy of a band is calculated from;

- stsg
n? =0 <6F;€i ) :/ " §(x)da, (3.104)

where © is a smooth approximation to the Heaviside step function and ey is the Fermi

energy defined from the normalisation to the total number of electrons;[121]

N:ZiCZ)(EF;Eg). (3.105)

o =1

3.6.2 EXX Extended to Partial Occupancies

The extension of EXX to metals and other degenerate systems uses the same form as
described in section 3.3. In a system with fractional occupancies the derivative of the

orbital with respect to the potential can be partitioned;

6¢7(r) _ i 97 (r)¢; ( )

V) A - o7 ('), (3.106)
== 2 nkW‘ba( - > (1_n3)¢"§)%<)¢0( ,
k=1,k#i k a=1,a#i a

as 1 = nJ + (1 —nJ). Substitution into the minimisation condition of the optimised

effective potential (equation 3.29) gives;

o 0o 0o UTI. T(r)oC (v’ N
OE(Vy] -y Y ‘ngng[/dr,% WSO for 1) G w)] 670 + e

6VXU (I‘) i=1 k=1,k#i k&
[ 00 ot o (!

Y waeng) [ [ EIWELD (50 ) v70)] 670"+ e
i=1 a=1,a#i a v

+ ) Ang (Aep — Ae])|67 (r)]?, (3.107)
i=1

where An?(Aep — Ae?) is a term that accounts for the changes in the occupancies and
Fermi level induced by shifts in the single-particle energies due to the perturbation. The
first order change in the eigenvalues is; Ae? = (¢ |0V, |¢7).[104, 121]

The first term on the right hand side of equation 3.107 and its hermitian conjugate
cancel upon interchange of the indices i and k. Additionally the second term can be

rewritten by expanding the hermitian conjugate and interchanging the indexes ¢ and a
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for the hermitian conjugate. The functional derivative of the energy with respect to the

potential can then be simplified to;

ng =0 oo

fs :_2 >3 Zé:” (5 ;53) [/dr'¢gT<r>¢;’<r>

i=1 a=1

x 05(x) g () = Ve ()| o7 ()

+3 " AepAn?|¢? (x)]?, (3.108)
=1

where © was introduced in equation 3.104 and allows one sum to be truncated once
the occupancy of the i-th state becomes negligible, due to the symmetry of ¢ and a and
O(—z) + O(z) = 1. The a = i term can be evaluated as long as (n —n?)/(¢7 — £7) is
replaced by the limit —1/05((¢% — £7)/6) whenever €7 — €7 — 0 which accounts for the
changes in the occupancy due to Ae?, and the last term then accounts for the change in

the Fermi level with Aey given by;

Yooy An? Ae?
Zz:l Anz 7

and the change in the occupancy, An{ is given by;

Ang 5( " ) (3.110)

Aep(Ang, Ae?) = (3.109)

T 0 6

The first order orbital is then given by;

—- 3 e (S | [ D i) - g1 e

a=1
(3.111)
and the functional derivative of the energy with respect to the potential is;
nf—0 oo
_2 Z > ng o7 (r)¢? (x) (3.112)
i=1 a=1

£ Acranflg ()l
=1

An unmodified Sternheimer equation can be found if the first order orbital is parti-
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tioned;'?

o
ny—0

g = Y e (S5 [ / dﬂgfﬁr/) [agio) V) 3@/)]

[ e ¢“q gty - v )] ¢3<r'>], (3113)

a=ng—0

the index k is summed over all states with non-zero occupancy (hence the maximum
value of the sum is the state with n{ — 0) and index a over all states with occupancy
zero. © is always 1 for the states indexed by a as eg —¢g7 > 0.

A Sternheimer equation is then tractable with a first order orbital contribution from

all states with zero occupation provided the projector in equation 3.52 is defined;

Z 9 (71 = D 2@l (3.114)
j=1 a=nJ—0

the first term in equation 3.113 is then calculated directly, the second term from the
Sternheimer equation and the two terms summed together to get the full first order
orbital. It is trivial to show that for a system with non-partial occupancy the definitions
of the first order orbital and function derivative of the energy revert to their insulating
forms (equations 3.43 and 3.44).

3.6.3 LFX Extended to Fractional Occupancies

The extension of LFX to metals and other degenerate systems is again much simpler
than EXX due to the much simpler form of the functional derivative. In a partially

occupied system the LFX functional derivative can be written;

/d P S /dr,pﬁp(r’) - p5(r') (3.115)

o sve(r) e
1 n?{FJ_}O ng 7—0
-3 [t | X )= 3 el |
o =1

using the definition of the density from equation 3.100, Ny ; are the HF occupancies
and ¢;7T (r) are the HF orbitals that comprise the HF Slater determinant. Similar con-

siderations apply to the minimising function U[V.7].

2Modified Sternheimer equations that account for the entire first order orbital in a partially occupied
system exist and are shown in reference [104].
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3.7 The Physical Equivalence of EXX and LFX

The EXX potential is the local potential that minimises the Hartree-Fock (HF) total
energy;
(B |Hur|®y) = Bpxx, (3.116)

where @, is the Slater determinant composed of the N Kohn-Sham orbitals, generated
from the exchange-only Kohn-Sham equations containing the EXX potential as the ex-
change potential. The LFX potential optimally finds the HF density as its own ground
state density. The two methods optimise two closely related quantities, as the ground
state density uniquely determines the ground state energy and vice versa, hence there is
a degree of physical equivalence between the two potentials.

This can be further illustrated by considering the energy difference the two methods

minimise. The EXX potential will minimise the energy difference;
<(I)v|f[HF|(I)V> - EHF > Oa (3.117)

where Eyp is the HF total energy. The LFX potential minimises a similar energy differ-
ence, Tyr[V] (equation 3.91);

(Ve | Hy|Wir) — By > 0, (3.118)

where Uyp is the HF Slater determinant, I:IV is the effective Hamiltonian with a local
potential and F is the total energy of the effective Kohn-Sham system. At the minimum
the local potential is the Hartree potential plus the LFX exchange potential.

If the constraint of having a local potential for either the EXX or LFX potentials
is dropped (allowing a non-local exchange potential) the ground state Hamiltonian and
ground state Slater determinant are optimally the HF ones.[118] It follows that the EXX
and LFX potentials both simulate optimally the non-local exchange potential in the HF
equations, even though they are determined differently (by satisfying different equations).

Additionally consider the perturbative expansion of the zeroth order non-interacting

Kohn-Sham Hamiltonian, equation 3.64;

Hy o=T+Veu+U, U=> "0, (3.119)

with a perturbing potential, V’ switching on interactions between the electrons; V' =
Ve — 32, U(r;). According to reference [122] the density will not change to first order if
the local potential, U is the sum of the Hartree and EXX potentials.

By similar considerations in the Moller-Plesset expansion, the zeroth order Hamil-
tonian is the HF Hamiltonian. Turning on interactions, the Moller-Plesset first order
correction to the HF ground state Slater determinant contains only doubly excited Slater

determinants, as from Brillouin’s theorem singly excited determinants do not couple with
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the HF ground state. Hence the density of the Moller-Plesset scheme is also unchanged
to first order, because the density is a one-body operator and any matrix element of the
double excitations with the ground state will be zero due to orthogonality. As the LFX
density is the HF density this implies the LEX potential has no first order corrections,
if interactions were switched on.[118, 112]

Hence, both the EXX and LFX potentials form the zeroth order terms of two similar
perturbative power series expansions of the Kohn-Sham potential, where for both the
first order term vanishes. These similarities do not however guarantee that the EXX
and LFX potentials must always give the same results and only in materials where the
exchange-correlation energy is dominated by the exchange term would it be reasonable
to expect the two potentials to agree. For a system with significant correlation energy
the second and higher order terms will be significant and the two methods cannot be

expected to agree.

3.8 Summary

We have reviewed the optimised effective potential equations in the context of the exact
exchange potential. A variational method for calculating the EXX potential without hav-
ing to sum over all infinite unoccupied states by using the Hylleraas variational method
is constructed. A two loop minimisation scheme was proposed, using equations 3.44 and
3.52. Two common approximations to EXX, the KLI and CEDA approximations were
reviewed, derived and an algorithm to calculate the CEDA potential proposed. A po-
tential similar to the EXX potential but that optimises the density of the reference HF
system rather than the energy, called the LFX potential was proposed. A minimising
function for the LFX potential, equation 3.96 and a functional derivative, equation 3.92
were derived. The EXX and LFX potentials were generalised to include metallic systems.
And lastly some arguments for the physical equivalence of the EXX and LFX potentials

were proposed.



Chapter 4

Implementation of Local

Potentials

4.1 Plane Wave Implementation of Local Potentials

The use of plane waves as implemented in CASTEP has many advantages, as was outlined
in section 2.4.

The orbitals, density and potentials are represented by regular grids in both real and
reciprocal space.[123] The Kohn-Sham orbitals described in reciprocal space within a
sphere of cut-off wave vector, Gax, and the density and potentials are non-zero within a
sphere of radius 2G .. Therefore the grids used to represent the density and potentials
have twice the dimensions of the orbital grid, in both real and reciprocal space. Strictly
derivatives of potentials and densities should be represented within a sphere of radius
4G ax however using a sphere of radius beyond 2G .« for these quantities was found to
make no difference on calculated total energies and band structures

Orbitals are stored in reciprocal space as arrays of plane wave coefficients, cgk(G)
and the density and potentials are stored in real space. The combination of plane waves
with the use of fast Fourier transforms (FFTs) allows the easy transformation of the
orbitals, density and potentials from real space to reciprocal space, in order to carry out
the parts of the calculation in the space where least computational effort is required.
For instance the exchange and Hartree potentials are most easily calculated in reciprocal
space (equations 2.86 and 2.89 in section 2.4.5) while the external potential is easiest to

deal with in real space.

4.1.1 Choice of Pseudopotentials

As previously mentioned in section 2.5 there are two forms of pseudopotential to choose
from. In this work we will be using norm-conserving Hartree-Fock pseudopotentials
using the OPIUM pseudopotential generation code,[60, 124] with the localisation and

optimisation scheme of ref [66].

68
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The choice of norm-conserving pseudopotentials is taken despite a norm-conserving
potential requiring a higher cut off energy for the plane wave basis set than an equivalent
ultrasoft potential. However the use of ultrasofts also increases the complexity of the
expressions that need to be calculated, for instance the exchange energy when using

ultrasoft pseudopotentials is given by;

N° N° ot (1) (1 — 7 (r
| o TR = 1 11 (B )7 ()

v — 1’|

o 4k jq

x 7L (1= |Bra) Bk

l,m

)71 ('), (4.1)

where |5;)(Bm| are projectors defined in section 2.5 and the sums over [ and m are
combined indices over the angular momentum quantum numbers and reference state.[125,
126, 127] This form has rather unfavourable scaling properties scaling as; ngNgNgjsNgvsvp 2
where Npjs is the number of projectors required to form the full set of |3;) and Npw
is the number of plane waves that converge the total energy for the chosen ultrasoft
pseudopotentials. By contrast the norm-conserving form scales as; NgNgNE}VCVp2 and
Npyw' is the number of plane waves for the chosen norm-conserving pseudopotentials.
The number of plane waves required for a norm-conserving calculation is typically;
Npw' =~ 2-4Npy!, of an equivalent ultrasoft calculation and typically Npjs has a value
of order 2-4. This leads to any saving made in lowering the required cut off energy by
use of ultrasoft pseudopotentials being offset by the increased number of summations to
actually calculate the exchange energy. Furthermore the functional derivatives required
to calculate the local exchange potentials also need to be modified to include the con-
tributions due to the overlap operators and the projector in the Sternheimer equation is

required to be generalised to;

NO'

Pr=1-> (14> [B{BI67) (67 ]. (4.2)
l

n=1
Due to the additional complexity of using ultrasofts the use of the norm-conserving
pseudopotentials is no major disadvantage.
4.1.2 Evaluating the Fock Exchange Operator

The form of the non-local exchange operator used in the EXX formalism is given by;

1 OE[7y]
#7L(x) 097)(r)

Ui (r) = (4.3)

however this quantity is not itself evaluated directly. In any calculation the operator is

always applied to an orbital and never calculated directly hence the following quantity
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is evaluated;

r) OE[
Eri 067l (x) / e I( . Bl (1)

07} (F)67(r) =
which exchanges the indices of the applied ¢7, (r) from r to r’. Hence for each instance of
ﬂ;‘mk(r) applied to an orbital, the right hand side of equation 4.4 is the term we actually

consider.

4.1.3 Iterative Procedure for the Calculation of the EXX Potential

The procedure for calculating the EXX potential is outlined in figure 4.1. The EXX
potential is found by an iterative double nested loop minimisation. Before the minimi-
sation there must be an initial trial potential to start the optimisation. By performing
an initial calculation using the local density approximation (LDA) exchange correlation
potential we obtain an initial set of orbitals, ¢7(r) from which the density can be cal-
culated; pfp,(r). This density then allows the initial potential representing electron

repulsion (Hartree and exchange potentials) to be;

Vi oxx (X)) = Vit[pfpal (x) + VLA o7 pal (r), (4.5)

where p is the iteration number. We combine the Hartree and exchange terms into one
potential for computational convenience, of having one local potential that represents
the effective electron-electron interaction, and to allow addition and substitution of other
approximate exchange-correlation potentials, if required in the future. The Kohn-Sham
Hamiltonian at iteration p is then given by;
V2 -
17 = V4 Vo) + V), (4:6)

and the EXX total energy at iteration p;
I AHEREDY Z / dro7L (x ¢ D(r) + / drVexy (1) P (1)

+—2(/y[drdr’pp1?__r;‘) (47)

7pT osp ot (1 ATP (1
Pk (1)954(0)¢ ()47 ()
YN [f SR B0e LT

o 4k jq
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' 7
Perform self-consistent LDA calculation to get initial set of or-
bitals; ¢?="(r), density; p?~!(r) and HF total energy; F*~'[¢P="].

. J
s l N
Take Hartree aAnd LDA potentials;

VE=Hr) = Val[pP~Y(r) + ViEPA[pP=!(r) as initial potential.

. J
( l 7
Calculate; ViZ[pP](r) and; a? ;[¢7](r).

- J

|

Iteratively solve the Sternheimer equation;
(T + Vext + Vi, — eD)|o?) +
(7= 00 I8 (@81) (Vi + all, = ViEDIeh) = 0

to get; gzzf(r) See figure 4.2 for iterative procedure.
- J

|

- N
Calculate; ‘;’éLVﬁx] = Z]il &?T (r)¢% (r) + h.c.
Hx(r) ’
L J
s l R

Determine optimal value of A via line search
that minimises the total energy; Amin.

|

Potential is given by;

p=p+1

Aot - OBV, ]
Vi (1) = Vi) + Ain [ ' ity St
I J
s l N
Determine orbitals; ¢”*'(r) and energy; EP*'[¢P"!].
q J

!

Is EP — EPH! <
no convergence tolerance?

l yes

Virx(r) is ground state potential.

Figure 4.1: The procedure for the calculation of the EXX potential. Spin and k-point
indexes are omitted for clarity.
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using the orbitals generated by the Kohn-Sham Hamiltonian. The functional derivative

at iteration p is given by;

OE[Vig?] -
A x!l _9 q,pT {7»17 , 4.8
TR IR (48)

from equation 3.44 and the Sternheimer equation at iteration p is;

(H? = 7670 + | 1= D167 erkl | G +alii — VieDlere) =0, (4.9)
j=1
from equation 3.52.[110]

Having found the functional derivative the potential is then varied to minimise the
HF total energy by addition of the functional derivative convoluted by the electrostatic
potential; X
1 QB[]

T oV )’

. 1 .

TP (r) = VTP (r) + )\min/dr’ (4.10)
where Apin is a real number that minimises the HF total energy for the potential and
gradient and is determined by a line search. The new potential then generates a new
set of orbitals, qbf’lfﬂ(r), and energy, EPH V7P 1 This process is repeated until the

change in energy between iterations is below a threshold value, typically 1076 eV.[111]

4.1.4 Solving the Sternheimer Equation

The main minimisation procedure for the EXX potential as outlined above also requires
an additional optimisation at each iteration. This is to solve the Sternheimer equation,
unlike the main minimising scheme for the EXX potential which is calculated in real
space this minimisation is most conveniently performed in reciprocal space, considering
each band, spin and k-point individually. The procedure for solving the Sternheimer
equation is shown in figure 4.2 and uses a conjugate residual method to find the first
order orbital.[125, 126, 128§]

This method attempts to minimise the residual of the Sternheimer equation, as for
any approximate |(;~SZ’£’T> the right hand side of equation 4.9 will be non-zero and will be
the residual at Sternheimer equation solver iteration r. The procedure starts with an
initial guess of the first order orbital being zero, @Z’ﬁ”r:l) = 0, the initial residual is then
just the second term in equation 4.9.'

As long as the change in the first order orbital is small, o — 0 between iterations
the gradient of the Sternheimer equation with respect to &fk(r) can be approximated as
the residual. The minimising step a” is derived from the conjugate gradient condition

that all gradient directions |¢g") are orthogonal and the first order orbital is composed of

!This is a good guess if the perturbation has no effect on @7, (r).
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( Assume initial residual; )
B = = [F= S 1] (Vi + ikl - VRIeD)-

L J
e l b
Take initial gradient; [¢"=') = |R"=!).

- l 7
r R
Calculate; [p") = (I:fp — eD)lg").

L J
s l N
Calculate; " = << rlg:>~

g”[p")
L J
| | |
r=r+1. Calculate; [¢7" 1) = |¢P") + a”|g").

L J
( l R
Calculate; |[R™) = |R") — a"|p").

L J
s l N
Calculate gradient; [¢"t!) = |RT+1>+%‘QT>~
L J

Is; (RT|R") <
convergence tolerance?

no

\(ﬁf) is the first order orbital; .

Figure 4.2: The procedure for the calculation of the first order orbital using a Sternheimer
equation via a conjugate residual method. Spin and k-point indexes are omitted for
clarity.
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a sum of these directions;

Figh j{:cﬁwg (4.11)

for a given (¢"| applied to the Sternheimer equation;

(g (A7 = DT = = {g" [Pese(VF + aZT) — Vg7
k ~ ~O, Oro, o,
(g (A7 Z o1g") = — (g7 |Pese(Vi + 077k — Vigd)|o70)

(g"|(HOP —e7D)a"|g") = = (9" | Pese(V %quﬁL*fY7mpN¢Zf>
—{g"|(HP — Z o¥|gh) (4.12)
o (g [(HTP = 70"y =(g"|R").

Which rearranges to give:
L) i
{g"[p")

where |p") was defined in figure 4.2.

The first order orbital and residual are varied by o" multiplied by |g") or (ﬁ TP —
€Zf)]g’"> respectively. This procedure continues until the magnitude of the residual is
below a threshold value, typically 10712 eV. The rate of convergence of the Sternheimer
equation can be increased by using the TPA preconditioner, this is applied when calcu-
lating the gradient.[72]

4.1.5 Determining the Optimal Step Size

A robust method for determining the optimal step size, A when optimising a function
is to use a line search. A line search assumes that the total energy (or any quantity
being optimised) is continuously differentiable and approximates to a parabolic function
of A\. This assumption is valid as long as the change in the total energy is small and
the minimising A is a small number, as we can then expand the total energy in a Taylor

series around A, is powers of A giving the total energy as a function of A;
E=a)\ +b)\+c, (4.14)

to find a, b and ¢ we need to find the total energy for at least three potentials.? One

of these potentials can be the current potential and the other two can be the current

2Higher order polynomials could be used if required.
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potential with a fixed amount of A times the gradient added on, such that;

o =0, Vi (r) =Vig?(x), Eo[ViThol,
- o 1 OE[VE .
A =)\ VP () =VIP A\ [ dr’ L Hx EL[VSP 4.15
1 1, HX71(r) Hx (r) + 1 / r ’r _ r/‘ av}(;’}’{p(r/)7 1[ HX,l]’ ( )
1 OBV

Ao =2Aq, ngz(r) V3P (r) +2M /dr’ EQWP‘IT&]’

Ir=roviEr )

where the HF total energies, F1[Vi7.P,] and Es[V;,] for the potentials, Vil (r) and

g,

V7P, (r) are determined by calculating the sets of orbitals (67 | (r) and ¢}, (r) respec-
tively) that correspond to the Kohn-Sham equation for each potential.

The terms a, b and ¢ are then determined by taking three linear equations;

Ey =c,
By =a)\? + b\ +c, (4.16)
By =4a)} 4 2b)\; + c,

and rearrange to give;

FEy —2F1 + Ey

a=—F

o

Ey —4F + 3Ey
b=— 4.17
—, (4.17)
c =k, (4.18)
and the minimising Ay, is then the minimum of the parabolic function;
OF —b

a N = 2@)\min + b= O, )\min = %, (419)

if a > 0.

A two point minimiser using just two potentials is also possible. By using a line search
and taking the magnitude of the gradient at two points Ay, can be found. However using
this method the minimisation was found to be less robust than using the three energies

and prone to finding a Ay, that increases the energy.

4.1.6 Iterative Procedure for the Calculation of the CEDA Potential

The procedure for finding the CEDA potential uses the same procedure as the one used
to find the EXX potential, see figure 4.1, except we replace the HF total energy with
SCEDA (equation 3.90), the functional derivative uses the CEDA form (equation 3.88)
and no calculation of the Sternheimer equation is required. An initial calculation using
the local density approximation (LDA) exchange correlation potential obtains an initial

set of orbitals, ¢¢(r) from which the density can be calculated; pUP*(r). This density
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then allows the initial effective electron interaction potential (Hartree and exchange

potentials) to be;
Vit Gepa (r) = Varlp” P4 (x) + VEPA [ P4 (r), (4.20)

where p is the iteration number. The Kohn-Sham Hamiltonian at iteration p is then
given by;

fop AVA T o.p

AP = 5 4 Vo) + Vi (r), (1.21)

and the CEDA minimising function at iteration p;

SCEPAPVEZ) = 37 | D OTEI Vi + alli — ViR PIoT)

o ik

_Z‘ ’Vp xzk_vg)f)
i’j’k

i (4.22)

using the orbitals generated by the Kohn-Sham Hamiltonian. The functional derivative

at iteration p is given by;

dS[V:IP - - "
e 4 == 3o (e + a5t - Vi) o2 (4.23)
> cff’“” ) [ arorfr o) (V) + a0 — Vid ) ).

1,5,k

Having found the CEDA functional derivative the potential is then varied to minimise

SP by addition of the functional derivative;

1 OSH)
e — /| oVi{P(r)’

PP (1) = VOP(r) + Amin / ar’ (4.24)
where Apin is a real number that minimises Sp[ng ] for the potential and gradient and
is determined by a line search.

The new potential then generates a new set of orbitals, ¢7}, P (r), and SOEPAPHI[PPH
This process is repeated until the change in SP between 1terations is below a threshold

value, typically 1076 eV.

4.1.7 Iterative Procedure for the Calculation of the LFX Potential

The procedure for calculating the LFX potential, as outlined in figure 4.3, is via a
direct minimisation. Before the optimisation of the potential a HF calculation must be
performed to obtain the HF Slater determinant Yyr and HF spin-density, p"’HF(r). The
initial trial LFX potential is then the sum of the Hartree and LDA exchange-correlation
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e R
Perform self-consistent HF calculation to get
initial set of; ¢.'F (r) and density; pur(r).
S J
' l 7
A Take Hartree and LDA potentials;
VE=N(r) = Vulpur)(r) + VEPA[pur](r) as initial potential.
- J
( l R
Calculate initial orbitals; ¢~ (r),
density; pP=!(r) and; UP=![pP=1].
N\ l J
( R
. r_ 1 9TV _ 7 pur (r') —pP (r)
Calculate; [ dr = a\‘/gjr) = [dr'2uE = .
- l J
s N

Determine optimal value of A\ via a
line search that minimises UP; Amin.

. l J
( Potential is given by; )
— ~ A, /P
p=p+1. Vé)):rl(r) = V2.(r) + Amin [ dr’ 1 OT[VE ]

[r—r'[ OVE (r)"

!

Determine orbitals; ¢?**(r), den-
sity; pP(r) and; UPH[pPH].

!

Is; UP — UPT! <
no convergence tolerance?

l yes

Virx(r) is the ground state potential.

Figure 4.3: The procedure for the calculation of the LFX potential. Spin and k-point
indexes are omitted for clarity.
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potentials for the HF density;

i oex () = Vilpfil () + VEPA (o) (x), (4.25)

with p the iteration number. Again the effective potential is a combination of Hartree

and exchange potentials. The Kohn-Sham Hamiltonian at iteration p is;

Ao vVZ . -
HOP = ===+ Vot (1) + Vi (x), (4.26)

which generates a set of orbitals, ¢} (r) and a density p7”(r). The objective function

at p, UP[VI%(’) ] is given by;

1551 = 3 [ deae el =S D) D g

v — |

and the functional derivative at p is written as;

Py a —pg
R e L -
r—r o (r r—r

Having found the functional derivative the potential is then varied to minimise
ur [Vﬁ')’(p ] by addition of the functional derivative convoluted by the electrostatic po-
tential;
gL OTIVY)

r — 1’| QVZP (')

P () = ViEP(r) + Amin / d (4.29)
where Apin is a real number that minimises U p[Vg)’(p | for the potential and gradient and
is determined by a line search. The new potential then generates a new set of orbitals,
o7+ (r), density, po? " (r) and UPH V7P, This process is repeated until the change

in energy between iterations is below a threshold value, typically 1072 eV.3[118]

4.2 Minimisation Schemes for the Potential

4.2.1 Conjugate Gradients

So far the minimisation schemes that have been discussed use a steepest-descent min-
imisation. The search direction, d? for iteration p is just the functional derivative with

respect to the potential, gP at iteration p;
d? = g?. (4.30)

The convergence of the minimisation procedure can be improved by using the conjugate-

gradient scheme, this ensures that each search direction is conjugate to previous search

3This value is most likely too small and a threshold value of 1075 eV is most likely sufficient.
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directions.[52] The search direction for iteration p is then;
d?P = gP — 4PdP 1, (4.31)

where P is the conjugate gradient update parameter and can be chosen with several

forms;

(g”|(g” — g 1))

Vorg = 1@ —gr 1))’ Proposed by Hestenes and Stiefel.[129] (4.32)
Vop = _(g"le") Proposed by Fletcher and Reeves.[130] (4.33)
FR <gp_1’gp_1>a Yy . .

with the caveat that v*=! = 0.

4.2.2 Quasi-Newton’s Method

Newton’s method is an iterative method for finding the minimum (or maximum) of a
function, f(x). Where the function, f(z) is twice differentiable. The first and second

2
derivatives are then % and % respectively and the change in = for each iteration, p is;

f\7
Tpr1 = Tp + Axp = Tp — (83@2)

of
ox

T=xp

, (4.34)

=1y
which will converge to a minimum so that g—ﬁ =

Unfortunately the second derivatives of the total energy; F, CEDA objective func-
tional; S or the LFX objective functional; U are difficult to determine and calculate.
However the second derivative does not need to be evaluated directly and can be found
in approximate form just from the knowledge of the previous values of x, and % using

a quasi-Newton’s method. The search direction d? is given by;
N1
dr = (Bp) g?, (4.35)

and the vector x? is updated;

<Pl = xP 4 P (Bp) gl = xP + of HPgP, (4.36)

with o” is determined via a line search. The matrix B is the approximation to the
second order derivative, H? its inverse and both can be determined iteratively by the
approximation of Broyden-Fletcher-Goldfarb-Shanno (BFGS) [131], H? is updated by;

P (sPl ISP p
&y ()
Y] et [0 1)
(sPlyP) (sPlyP)  (sPlyP)’

P = =t~ fe

(4.37)
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If; p < m then; r = 0 and: Bound = p. Else: r = p — m and: Bound = m.

s 7
qBound _ gp.

. l J
s 7
For; i=(Bound), (Bound — 1), ..., 1.

. J
J = i+
i (s1a%)
0T W
97 =q —ay’.

s 7
¢ = HQ
. J
s l 7
For; i=1, ..., (Bound — 1), (Bound).

. J
j = 14+
i _ latTh
B = niey

qi — qi—l _ (ﬁz _ Oti)Sj.

dr — qBound .

Figure 4.4: The recursive procedure to apply the BFGS matrix with limited memory to
the gradient.
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where;
y' =g’ —g' ", sP = xP —xP7L, (4.38)

The problem with using this form of the BFGS matrix is that while the full history
of the minimisation is known, this requires a matrix of dimensions, maximumsize(x) x
maximumsize(x) which, as x? is the potential (in our scheme) this matrix will be dimen-
sion Ng X Ng (which can have 100 elements).

However by using a limited memory form of the BFGS quasi-Newton’s method,
which only uses the knowledge of the previous m iterations, it then only requires 2 x
m X Ng memory elements, as the limited memory BFGS matrix HP can be applied
recursively.[132] Figure 4.4 shows the recursive update for the BFGS algorithm. Once p
becomes greater than the memory length, m for each iteration the oldest set of y?~™~1
and sP~™~ ! are discarded and the newest set y? and s? are included. The matrix HO
can be an additional preconditioning matrix but in this implementation is just the iden-
tity matrix. This method could also be used to calculate the full BFGS matrix at each
iteration. The only constraint is then how many iterations the BFGS method should
remember.

The minimisation of EXX for silicon using a cut off energy of 800 eV and a 5 x 5 x 5
MP k-point grid, with different BFGS memory lengths is shown in figure 4.5. The
minimisations using steepest-descent (equivalent to a memory of zero), the previous 1, 2,
3,4, 5,10, 15 and 20 steps are plotted. The minimisation using the BFGS method does
not depend greatly on the chosen memory length, with the BEGS method saturating at
a memory length of 4 or 5. Hence a BFGS memory of 10 was chosen, however the rate

of convergence should not depend on the memory length beyond the chosen value.

4.2.3 Comparison of Minimisation Schemes

Figure 4.6 compares the performance of the different minimisation schemes discussed
in the previous section when applied to the EXX functional derivative in the case of
silicon, using a cut off energy of 800 eV and a 5 x 5 x 5 MP k-point grid. While the
BFGS method outperforms the steepest descents method, it offers no improvement over
the conjugate-gradient methods, for while it outperforms HS, FR is the best quickest
converging method to find the EXX ground state energy. Also the BFGS method takes
twice as much time per iteration as the FR calculation used for these convergence tests.

The Fletcher-Reeves conjugate gradients method converges the fastest and after ap-
proximately 40 iterations the change in energy per iteration is < 1x10~% eVatom™!. The
other schemes slowly converge towards the FR minimum value. Hence for the EXX the
FR conjugate gradients scheme will be used and the minimisation run until the change
in energy per iteration is < 1 x 1076 eVatom ™.

Figure 4.7 compares the performance of the different minimisation schemes discussed

in the previous section when applied to the CEDA functional derivative in the case of sili-
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Figure 4.5: Comparison of limited memory BFGS for EXX applied to silicon for different
memory lengths. Logarithmic plot of the difference in total energy at each iteration from
the converged value for the BFGS scheme with memory of previous 10 iterations.

con, using the same input parameters as for EXX. The HS conjugate-gradient scheme per-
forms very poorly converging much more slowly than even the steepest-descent method.
The FR conjugate-gradient and BFGS schemes out-perform the steepest-descent method
again, the FR conjugate-gradient method once again is the best method.

FR conjugate-gradient and BFGS quasi-Newton’s method converge very fast and
after approximately 15-20 iterations the change in energy per iteration is < 1 x 1077
eVatom™!. The HS conjugate-gradient and steepest-descent converge extremely slowly,
towards the FR conjugate-gradient minimum value. Hence for the CEDA the FR scheme
will be used and the minimisation run until the change in energy per iteration is < 1x10~6
eVatom .

Figure 4.8 compares the performance of the different minimisation schemes discussed
in the previous section when applied to the LFX functional derivative in the case of sili-
con, using the same input parameters as for EXX and CEDA. For this calculation the FR
and HS conjugate-gradient schemes are almost identical and outperform steepest-descent,
converging below the threshold of 1x10~7 eVatom ™! in approximately 45 iterations. The
BFGS scheme converges below this threshold in approximately 40 iterations. The BFGS
method is twice as slow per iteration when compared to the FR conjugate gradients
method, hence for LFX calculations the FR scheme will be used.
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Figure 4.6: Comparison of steepest descents, conjugate gradients and limited memory
BFGS for EXX applied to silicon. Logarithmic plot of the difference in total energy
at each iteration from the converged value for the conjugate gradients scheme using
Fletcher-Reeves.

4.3 Performance and Convergence

4.3.1 Convergence of Calculation Parameters

The numerical factors that determine the accuracy of our calculation are the size of the
plane wave basis set, determined by the plane wave cut off energy and the size of the
Monkhorst-Pack (MP) k-point grid. In figure 4.9 the total energies for Hartree-Fock,
EXX, CEDA and LFX are calculated for a range of cut off energies applied to silicon,
using the primitive unit cell, an MP grid of 5 x 5 x 5 and the experimental lattice
constants. All four methods converge at the same rate and a cut off energy of 600 eV
gives an accuracy on the total energy of less than 0.005 eV, which is our chosen minimal
accuracy level. This is determined by the change in the total energies when the cut
off energy is increased, as the cut off energy will converge to a singular value, for each
method.

Figure 4.10 shows the total energies of silicon for HF, EXX, CEDA and LFX, again
using the primitive unit cell, experimental lattice constants and a cut off energy of 800
eV. As silicon is a cubic material the MP grid is cubic also. Again the four methods
converge at the same rate and a grid of 6 x 6 x 6 gives the required level of convergence.

For non-cubic unit cells each dimension of the MP must be converged individually.
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Figure 4.7: Comparison of steepest descents, conjugate gradients and limited memory
BFGS for CEDA applied to silicon. Logarithmic plot of the difference in S at each
iteration from the value at iteration 200 for the BFGS scheme.

4.3.2 Scaling With Calculation Parameters

The scaling of the methods with respect to the calculation parameters has also been
tested, to ensure that the implemented methods scale as expected. Figure 4.11 shows
the average time per iteration with varying cut off energy for EXX, CEDA and LFX.
Also shown are fitted curves for the expected behaviour. The Fock exchange integral
scales as Ngw which in terms of the cut off energy scales as Eé‘umff. Through the use of
In(Ecytorf). Both the EXX and

CEDA potentials scale with the expected form, at the same rate which, is unsurprising

the fast Fourier transforms (FFTs) this becomes EC%ut off
given the similarity in the form of the equations used to find the functional derivative.
The LFX potential is much faster per iteration and scales more favourably. Which is
most likely due to the much simpler form of the LFX functional derivative.

The average time per iteration with varying size of the MP grid is shown in figure
4.12 for EXX, CEDA and LFX. The calculations are parallelised so that there is one k-
point per node. The expected behaviour for the methods is to scale as N,? and quadratic
fits for the three methods are shown in figure 4.12. The EXX and CEDA potentials
indeed scale quadratically, as the calculation of the functional derivatives requires the
application of the Fock exchange integral, which requires a double sum over the k-points.
However the LFX potential does not require a double sum over k-points, using only a
single sum to construct the density to find the functional derivative. Hence it scales
linearly with respect to the changing size of the MP grid. However the LFX potential

requires an initial HF calculation which scales with the same behaviour as the EXX and
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Figure 4.8: Comparison of steepest descents, conjugate gradients and limited memory
BFGS for LFX applied to silicon. Logarithmic plot of the value of U at each iteration.
HS (red line) and FR (green line) plots overlap.

CEDA calculations which limits the advantages of this linear scaling.

4.3.3 Parallelisation

As mentioned previously the CASTEP code supports parallel processing of the calcu-
lation. The set of symmetry reduced k-points are distributed across the processors in
groups. Each k-point group can then be subdivided into G vector groups, this is shown
in figure 4.13. Data is exchanged between the groups of processors, usually when we
need to sum a quantity. The code is structured to attempt to minimise the amount of
inter-processor communication required in a calculation.

The parallelism with respect to the k-points was tested for primitive cell silicon for
EXX using a cut off of 800 eV and a Monkhorst-Pack grid of 5 x 5 x 5 which reduces to
10 k-points. Using 1, 2, 5 and 10 processors, giving 10, 5, 2 and 1 k-point per node the
time per iteration is shown in figure 4.14. The calculation scales as the inverse of the
number of processors.

The parallelism with respect to G-vectors is shown in figure 4.15, using the same
calculation parameters as for the k-point parallelism test, the number of processors per
G-vector group is varied between 1-32. The calculation in this case has an optimal
number of processors per G-vector group of 10. Further parallelisation increases the
calculation time, due to the increased inter-processor communications and associated
overheads when using G-vector parallelisation. It should be noted that the degree of
G-vector parallelisation is highly computer specific and indeed must be tested on each

machine to which the code is ported.
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Figure 4.13: Hierarchy of parallelisation in a CASTEP calculation, using four processors
in two k-point groups and two G-vector groups.
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G-vector groups for EXX applied to silicon.

An additional complication arises from the non-local nature of the Fock exchange

integral. The exchange energy in reciprocal space is given by;

ot/ " o "
ot ot Giq(G + G")ef (G—&-G)UT
E, = O E g E E (G)-4 P k—i—](é}”\Q H(G). (4.39)

o ik ja GG ,G"

The denominator contains terms that cannot be symmetry reduced, hence the k-points
indexed k can be symmetry reduced but the k-points indexed q are the full non-symmetry
reduced set. For a non-local calculation the k-points indexed by k are symmetry reduced
and distributed across the processors, however a copy of the orbitals indexed by q must be
stored on each processor. This considerably increases the memory overheads associated

with the calculation.

4.4 Summary

In this chapter we have described the algorithms and computational implementation of
the EXX, CEDA and LFX potentials using the equations derived in chapter 3. Several
minimisation techniques for the optimisation of the three potentials were introduced
and tested, the optimal minimisation method for all three potentials is to use a Fletcher-
Reeves conjugate gradients method. The convergence of these three potentials was tested
with varying cut off energy and k-points, as well as the scaling of the calculations with
respect to these parameters. Performance of the implementation with parallelisation over

k-points is almost linear with distribution of the k-points over the number of processors.
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Distribution over G-vectors is found to give some speed up but the scaling is less optimal

than that found for the parallelisation by k-points.
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Calculated Electronic Structures

5.1 Electronic Structures for Semiconductors and Insula-

tors

5.1.1 Introduction

The band structure and density of states of a semiconductor determines most of the elec-
tronic and optical properties that makes them technologically useful for semiconductor
devices. Accurate modelling and prediction of the properties of technologically relevant
materials is an area of considerable research. Here we present calculated electronic struc-
tures for the basic approximations: LDA and PBE, the local exchange potentials; EXX,
LFX and CEDA presented in the previous chapter as well as HF applied to group IV,
group III-V, group II-VI semiconductors and a selection of insulators. The implications

of these results are then discussed.

5.1.2 Definition of the Band gap

It is necessary to define the quantity known as the band gap of a material, there are
several experimentally measured band gaps (fundamental band gap, optical band gap).
Here we use the fundamental band gap, which is defined as the difference between the
ionisation energy, I(N) and the electron affinity, A(N) of an N electron system.

The predicted Kohn-Sham band gap, Egs does not fully model the fundamental band
gap, E;. The Kohn-Sham band gap for an NNV electron system is given by the difference
in eigenvalues;

Egs =EN4+1 — EN, (5.1)

where ¢; is the eigenvalue of the i-th state. Whereas the fundamental band gap is given

by;
E, = A(N)—I(N) = E(N +1) + E(N — 1) — 2E(N), (5.2)

where A is the electron affinity, I is the ionisation potential and E(M) is the total energy
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of an M electron system.[133] Using Koopmans’ theorem extended to DFT;[134, 135]
I(N)=E(N) - E(N —1) =}, (5.3)

where €% is the N-th eigenvalue (subscript) of an N electron system (superscript) and
is applicable to the N and N + 1 electron systems (as A(N) = I(N + 1)).[133, 136] The

fundamental gap is then;
Eg = E?S + E%i% - E%Jrl = Efs + Axm (54)

the difference between the fundamental and Kohn-Sham band gaps is then Ay., known
as the derivative discontinuity. This term is also required to be calculated to give the
predicted fundamental band gap of a system. A formalism to calculate Ay is presented
in chapter 6.

It should be noted that a deviation of the predicted Kohn-Sham band gap from the
experimental band gap does not indicate a failure of the approximation, since at present
Ay is ignored. In chapter 6, we complete this study by estimating Ay for the LDA and
GGA, we also calculate the exchange-only component of the derivative discontinuity, Ay
for EXX and LFX. We also give a formalism to find A, for EXX and LFX, the calculation
of which is beyond the scope of this thesis.

5.1.3 Group IV Elemental Semiconductors

The band structures for the group IV semiconductors; diamond, silicon and germanium
were calculated using the LDA, PBE, EXX, CEDA, LFX potentials and HF. The same
calculation parameters were used in all six exchange/exchange-correlation calculations
on each material and are shown in table 5.1. The lattice parameters used are the ex-
perimental lattice constants, to give the closest like for like comparison between the six
methods. Each method will have its own optimal ground state lattice parameter which

can be found by performing a geometry optimisation as outlined in section 2.6.5.

Material | Ecytofr (€V) | Valence electron | MP k-point Lattice
configuration grid parameter (A)
C 1100 2522p? 8 x 8 x8 3.56
Si 800 3s23p? 6 x6x6 5.39
Ge 1000 4523d104p? 6 x6x6 5.66

Table 5.1: Parameters for calculations on group IV semiconductors. Lattice parameters
from [137] and [138].

Silicon

The calculated band structures for silicon are shown in figure 5.1. For all methods the

material has an indirect band gap, with conduction band minimum along the I' — X
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Figure 5.1: Band structures for silicon using the following potentials; (a) LDA, (b) PBE,
(c) EXX, (d) CEDA, (e) LFX and (f) HF. The Fermi level has been set to 0 eV for all
band structures. Brillouin zone special points are indexed in appendix C.



Chapter 5. Calculated Electronic Structures 94

N
NN
NN

N

N\
N
N
N

\\

\

N\

N
AR

NN

NN
:\\\\\\;\\\\\\

N\
N
W

N
W

NN

R
NN
n
R
\:\\

N
N\
N\

\

\ Q‘I.// / Z/
vew 10 |\ s?:a’/;///ll;:“‘{\\\;@'ﬂ;
N/
= NN
ZLLLLERN

N7
X 7

N

7/

NN
|\

\
N

N
\

\
W
NN
N

N\

N\
N
N

RSSO
NNy
_|S

-20

[110]

(L7727 ;s
117
N

RS,

2]
) N

N
L . 2077
7

//'/

V(eV) -10

/

[110]
(b)

Figure 5.2: (a) LDA exchange-correlation potential for silicon and (b) EXX exchange
potential for silicon.



Chapter 5. Calculated Electronic Structures 95

5
IS
TN
V (@eV) -10 7/ /) M
27} N 2 v
P RN
=77 4 N2 % SN
g =2 Y N
N
-20 E 4
[011]
[110]
(c)
0
0
5
\ IR
VeV -10 NS,
\ IR\

223
N AN 2NN
7\ ’/Z;/Z//” LAY
7 4447 ‘

N

-15

[110]
(d)

Figure 5.2: (c) CEDA exchange potential for silicon and (d) LFX exchange potential for
silicon.



Chapter 5. Calculated Electronic Structures 96

direction and the band structures are all largely similar in features, expect for the valence
bandwidth and band gap. The valence bandwidths are largely the same for LDA, PBE,
EXX, CEDA and LFX. The LDA valence bandwidth is 12.60 eV, the EXX and LFX
valence bandwidth is 12.24 eV. For HF the valence bandwidth is much wider with a
value of 17.87 eV. The experimentally measured valence bandwidth by photo-emission
is 12.4 eV. The LDA band gap is 0.44 eV, the PBE value 0.60 eV, the EXX band gap
is 1.20 eV, the CEDA band gap is 0.72 eV, the LFX value is 1.20 eV and HF gives 6.16
eV. The experimentally measured band gap by optical transmission is 1.17 eV.[137, 13§]
Hence the LDA, PBE and CEDA underestimate the band gap, while the EXX and LFX
potentials give a value very close to the experimental one and HF hugely overestimates
the value. This finding is consistent with previously published results of EXX for silicon.
The LDA, PBE and HF results are expected and well known.

The LDA exchange-correlation potential, EXX, CEDA and LFX exchange potentials
as a slice along the [111] direction of the silicon primitive unit cell are shown in figure 5.2.
Silicon pseudopotentials are located at (000) and (§1%) in the unit cells. The EXX and
LFX potentials are nearly identical, which is why the two methods give the same band
structures, while the CEDA potential has a very similar form but is smoother. The LDA
potential has a different form, is smoother than the other three potentials and is largely
spherical around the ion cores whereas the tetragonal bonding structure of silicon can be
seen in the potentials for EXX, CEDA and LFX. The different shapes of the potentials
is most likely due to the LDA potential being explicitly density dependent and the local
exchange-only potentials being only implicitly dependent on the density.

Material AE (eV) E; (eV)

EXX  CEDA LFX | EXX CEDA LFX
C 0.161 0.206 0.162 | 4.81 4.35 4.81
Si 0.213 0.291 0.214 | 1.20 0.72 1.20
Ge 0.441 0.542 0.442 | 0.93 0.40 0.93

Table 5.2: Total energy differences from the HF value for EXX, CEDA and LFX and
Kohn-Sham band gaps for EXX, CEDA and LFX calculated for diamond, silicon and
germanium.

For the exchange only local potentials (EXX, CEDA and LFX) the total energy
difference from the HF value is shown in table 5.2. Total energies are calculated using
the HF total energy functional in terms of the occupied orbitals of the corresponding
scheme. The HF total energy is always the lowest of the four methods, due to the
greater variational freedom of the orbitals when using a non-local potential compared
to the local potentials. For silicon the EXX and LFX total energies differ by 8 x 107°
eV, the similarity in the total energies, band structures and potentials imply the EXX
and LFX methods model equally well the physics of the exchange term for the Kohn-
Sham system, confirming the theoretical justifications to explain the similarity of EXX

and LFX as given in section 3.7. CEDA as an approximation to the EXX gives a total
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energy 0.077 eV greater than the EXX total energy. This is to be expected as EXX is
defined as the local exchange-only potential that minimises the HF total energy, hence

CEDA can only have a total energy greater than the EXX total energy.

Diamond

The calculated band structures using LDA, PBE, EXX, CEDA, LFX and HF for dia-
mond are shown in figure 5.3. For all methods the material has an indirect band gap,
with conduction band minimum along the I' — X direction and except for the valence
bandwidth and band gap the band structures are all largely similar. For HF the valence
bands extend over 29.62 eV, which is a much larger range than any other method (be-
tween 21.67 eV for LDA to 21.47 eV for LFX). The LDA band gap is 4.02 eV, the PBE
value 4.26 eV, the EXX band gap is 4.81 eV, the CEDA band gap is 4.35 eV, the LFX
value is 4.81 eV and HF gives 12.51 eV. The experimentally measured band gap is 5.47
eV.[137, 138] Hence the LDA, PBE and CEDA significantly underestimate the band gap,
while the EXX and LFX potentials give a value closer to the experimental one but one
that is still underestimated and HF hugely overestimates the band gap.

The LDA exchange-correlation potential, EXX, CEDA and LFX exchange potentials
are shown in figure 5.4 as a slice along the [111] direction of the diamond primitive unit
cell. Carbon pseudopotentials are located at (000) and (111) in the unit cells. The EXX
and LFX potentials are nearly identical, except for near the centre of the ion cores, which
is why the two methods give very similar band structures, while the CEDA potential has
a very similar form but is smoother. The LDA potential has again a different form, being
smoother than the other three potentials and is largely spherical around the ion cores
whereas the tetragonal bonding structure of diamond can be seen in the potentials for
EXX, CEDA and LFX.

For the exchange-only local potentials (EXX, CEDA and LFX) the total energy
difference from the HF value is shown in table 5.2. For diamond the EXX and LFX
total energies are different by 3.2 x 10~ eV, the similarity in the total energies band
structures, and potentials imply the EXX and LFX methods are modelling the same
exchange physics, (see section 3.7 for theoretical discussion of the physical equivalence of
the two potentials). CEDA as an approximation to the EXX gives a total energy 0.045
eV greater than EXX.

Germanium

Calculated band structures for germanium using LDA, PBE, EXX, CEDA, LFX and HF
are shown in figure 5.5. The material has an indirect band gap, with conduction band
minimum at L. For LDA, PBE and CEDA the conduction band gap minima is along
the I' — X direction, EXX and LFX give the minimum at L, but the minimum value
along I' = X is almost the same as the minima at L. The LDA band gap is 0.11 eV, the
PBE value 0.14 eV, the EXX band gap is 0.93 eV, the CEDA band gap is 0.40 eV, the
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Figure 5.3: Band structures for diamond using the following potentials; (a) LDA, (b)
PBE, (c¢) EXX, (d) CEDA, (e) LFX and (f) HF. The Fermi level has been set to 0 eV
for all band structures. Brillouin zone special points are indexed in appendix C.
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Figure 5.4: (a) LDA exchange-correlation potential for diamond and (b) EXX exchange
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for all band structures. Brillouin zone special points are indexed in appendix C.
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LFX value is 0.93 eV and HF gives 5.66 eV. The experimentally measured band gap is
0.74 eV.[137, 138] Hence the LDA, PBE and CEDA underestimate the band gap, while
the EXX and LFX potentials give a value close to but greater than the experimental
value and HF hugely overestimates the band gap. However germanium has a significant
experimentally observed spin-orbit splitting of 0.20 eV,[137, 138] which is not included
in these calculations. This effect might account for the overestimated gaps predicted by
EXX and LFX. It is known that inclusion of relativistic effects from which the spin-orbit
interaction arises tend to reduce the predicted band gap.[139, 140]

The LDA exchange-correlation potential, EXX, CEDA and LFX exchange potentials
are shown in figure 5.6 as a slice along the [111] direction of the germanium primitive
unit cell. Germanium pseudopotentials are located at (000) and (3%1) in the unit cells.
Inclusion of the 3d electrons results in a deep potential around the ions which dominates
the features present. The EXX and LFX potentials are nearly identical and the two
methods give very similar band structures. The CEDA potential has a very similar form
but is slightly smoother than the EXX and LFX potentials. The LDA potential has
again a different form, smoother than the other three potentials and deeper in the ion
core regions.

For the exchange only local potentials (EXX, CEDA and LFX) the total energy
difference from the HF value is shown in table 5.2. For germanium the EXX and LFX
total energies are different by 6.3 x 1074 eV, The similarity in the total energies, band
structures, and potentials, coupled with the theoretical justifications in section 3.7 imply
the EXX and LFX methods are modelling the same exchange physics. CEDA as an
approximation to the EXX gives a total energy 0.101 eV greater than the EXX total

energy.

5.1.4 Group II-VI and ITI-V Semiconductors and Insulators

The band structures for group III-V and group II-VI semiconductors and selected in-
sulators have been calculated, using the LDA, PBE, EXX, CEDA, LFX potentials and
HF. The valence electron configurations for the elements used in these calculations are
shown in table 5.3 and the calculation parameters for each material are shown in table
5.4 for the cubic zincblende materials and in table 5.5 for the non-cubic materials.

The energy differences from the HF total energy for EXX, CEDA and LFX are shown
in table 5.6, the Kohn-Sham band gaps for LDA, PBE, EXX, CEDA, LFX and HF are
shown in table 5.7, the valence bandwidths for LDA, PBE, EXX, CEDA, LFX and
HF are shown in table 5.8 and semicore state binding energies for LDA, PBE, EXX,
CEDA, LFX and HF are shown in table 5.9. The predicted band gaps are compared
to experiment in figure 5.7 and average predicted semicore binding energies are also
compared to experiment in figure 5.8.

The total energies follow the trend observed for the group IV semiconductors. The

HF total energy is the lower bound on the exchange-only total energy, as the orbitals
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Element | Valence electron configuration
Al 3523p!
As 4523d104p3

C 2522p?
Ca 3523pf4s2
Cd 552410
Cl 3523p°
Ga 4523d104p!
Hf 5525p%6525d>
In 5524105p!
Mg 2p9352

N 2522p3
Na 2p03s!

0O 2522p*

P 3523p3

S 3523p*
Sb 5524105p3
Se 4523d104p*
Si 3523p?
Te 5524105,
Zn 45%3d"0

Table 5.3: Valence electron configurations used in the calculation of the group II-VI and
ITI-V semiconductors. Semicore states are included to improve the transferability of the
pseudopotential.[141]
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Material | Eeuor (€V) | MP k-point grid | Lattice parameter (A)
AlAs 1000 6 x6x6 5.66
AlP 900 6 x6x6 5.46
AlSb 1100 6 x6x6 6.14
CaO 1400 6 x6x6 4.81
CdO 1000 6 x6x6 4.69
CdS 900 6 x6x6 5.82
CdSe 900 6 x6x6 6.07
CdTe 1100 6 x6x6 6.46
GaAs 1000 6 x6x6 6.65
GaP 1000 6 x6x6 5.45
GaSb 1100 6 x6x6 6.09
HfO2 1000 6 x6x6 5.30
InAs 1100 6 x6x6 6.05
InP 1100 6 x6x6 5.86
InSh 1100 6 x6x6 6.47
MgO 1000 6 x 6 % 6 421
MgS 900 6 x6x6 5.20
MgSe 1000 6 x6x6 5.46
MgTe 1100 6 x6x6 6.02
NaCl 1000 6 x6x6 5.62
SiC 1100 8§ x8x8 4.35
ZnS 900 6 x6x6 5.41
ZnSe 1000 6 x6x6 5.67
ZnTe 1100 6 x6x6 6.08

Table 5.4: Parameters for calculations on cubic group IV, group III-V and group II-VI
materials. Lattice parameters from [137] and [138],except for NaCl.[142]

Material | Ecuofr (€V) | MP k-point Lattice Lattice
grid parameter a (A) | parameter ¢ (A)
AIN 1000 6x6x4 3.11 4.98
GaN 1000 6x6x4 3.18 5.18
InN 1100 6x6x4 3.54 5.70
SiOq 1000 6 x6x6 5.01 0.47
Zn0O 1000 TXT7Tx4 3.25 5.21

Table 5.5: Parameters for calculations on non-cubic group III-V and group II-VI mate-
rials. Lattice parameters from [137] and [138].
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Material AFE (eV)
EXX LFX CEDA
AlAs 0.363 0.365 0.449
AIN 0.229 0.229 0.302
AlP 0.150 0.150 0.212
AlSb 0.322 0.323 0.416
C 0.161 0.162 0.206
CaO 0.264 0.268 0.331
CdoO 0.231 0.232 0.302
CdSs 0.214 0.215 0.268
CdSe 0.509 0.510 0.608
CdTe 0.396 0.397 0.480
GaAs 0.445 0.446 0.537
GaN 0.416 0.418 0.509
GaP 0.247 0.248 0.308
GaSb 0.407 0.408 0.506
Ge 0.441 0.442 0.542
HfO2 0.412 0.414 0.561
InAs 0.450 0.451 0.541
InN 0.478 0.480 0.611
InP 0.258 0.259 0.323
InSb 0.411 0.412 0.501
MgO 0.107 0.107 0.133
MgS 0.093 0.093 0.123
MgSe 0.417 0.418 0.495
MgTe | 0.271 0.272 0.331
NaCl 0.050 0.050 0.062
Si 0.213 0.214 0.291
SiC 0.131 0.131 0.179
Si0o 0.588 0.590 0.730
Zn0O 0.369 0.371 0.467
ZnS 0.186 0.187 0.236
ZnSe 0.487 0.488 0.584
ZnTe 0.374 0.375 0.463

Table 5.6: Total energy differences from the HF total energy for EXX, CEDA and LFX.
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Material E; (eV)
LDA PBE EXX LFX CEDA HF  Expt.
AlAs 1.13  1.19 2.25 2.23 1.68 7.54 2.23
AIN 4.25 443 5.77 5.72 5.22 13.55 6.28
AlP 1.55  1.75  2.50 2.47 1.99 7.99 2.45
AlSb 0.83 090 1.67 1.65 .17 6.56  1.60
C 4.02 4.26 4.81 4.81 4.35 12,51 547
CaO 3.88 4.05 6.13 5.96 547  14.62  7.09
CdO 0.34 0.66 1.93 1.84 1.27 9.00 1.12
CdS 1.31 1.65 2.25 2.18 1.76 8.37 242
CdSe 0.86 1.12 184 1.79 1.30 7.80 1.74
CdTe 146 1.80 2.24 2.18 1.73 8.06 1.61
GaAs 1.00 1.10 1.91 1.87 1.43 7.09 1.52
GaN 2.13 235 3.36 3.31 2.85 1038 3.39
GaP 1.52 1.72 231 2.28 1.86 756  2.35
GaSh 0.45 0.55 1.20 1.19 0.71 5.88  0.81
Ge 0.11 0.14 0.93 0.93 0.40 566 0.74
HfO, 3.12  3.23  5.62 5.56 4.89 1337  5.90
InAs 044 0.67 1.35 1.30 0.85 6.79 0.42
InN 0.21 038 1.42 1.35 0.87 746  0.93
InP 1.07 1.27 1.92 1.87 1.44 7.29 1.44
InSb 091 1.02 1.63 1.60 1.20 6.28  0.24
MgO 463 497 6.66 6.59 6.14 1527 7.80
MgS 3.63 389 482 4.77 4.37 11.41 4.50
MgSe 2.76 282 4.16 4.14 3.61 10.39 4.10
MgTe 2.07 219 312 3.09 2.63 8.71 347
NaCl 4.89 537 6.30 6.25 5.89  13.79 897
Si 0.44 0.60 1.20 1.20 0.72 6.16 1.17
SiC 1.26  1.42 2.42 2.40 1.88 8.44 2.42
SiOq 525 571 7.30 7.23 6.78  15.90 9.00
Zn0O 1.93 228 3.51 3.44 2.95 11.37  3.43
ZnS 2.58 294 3.56 3.52 3.05 10.29 3.80
ZnSe 1.85 216 291 2.87 2.38 9.46 2.80
Zn'Te 2.02 219 284 2.82 2.36 8.25 2.39

Table 5.7: Kohn-Sham band gaps for LDA, PBE, EXX, CEDA, LFX, HF and experimen-
tal results for group IV, III-V and II-VI semiconductors and insulators. Experimental

results from [137] and [138], except for InN,[143] NaCl,[144] SiO2 and HfO,.[145]
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Material Valence Bandwidth (eV)
LDA PBE EXX LFX CEDA HF  Expt.
AlAs 11.99 11.95 11.68 11.69 11.83 17.34
AIN 6.14 6.04 556 5.58 5.76 7.79
AlP 11.71  11.67 11.41 11.42 11.57 17.53
AlSb 10.62 10.57 10.32 10.33 10.51 15.01 10.6
C 21.67 21.52 21.48 21.47 21.69 29.62 21
CaO 14.87 14.82 14.86 14.87 14.84 21.07
CdO 9.84 10.11 7.70 7.76 8.05 11.81
Cds 10.86 11.05 9.15  9.20 9.52 13.36
CdSe 11.45 11.74 9.57  9.60 10.02 13.19
CdTe 10.56 10.44 10.20 10.21 10.57 13.89 10.8
GaAs 1290 12.83 12.63 12.64 12.78 17.76 129
GaN 709 689 6.66 6.68 6.84 9.32
GaP 12.66 12.56 12.45 12.46 12.58 18.55 12.0
GaSh 1151 11.43 11.27 11.28 11.44 16.26  11.6
Ge 13.10 13.04 12.81 12.82 13.00 18.19 128
HfO9 5.36 517 481  4.82 4.95 6.64
InAs 11.78 11.70 11.57 11.58 11.69 16.51 12.3
InN 5.54 539 515 517 5.33 7.43
InP 11.50 11.42 11.32 11.33 11.44 17.24 11.0
InSb 10.46 10.38 10.26 10.28 10.41 14.72  10.9
MgO 16.96 16.84 16.78 16.79 16.79 24.06
MgS 12.45 1241 12.26 12.27 12.34 17.15
MgSe 12.68 12.62 12,54 12.56 12.60 16.81
MgTe | 10.68 10.59 10.50 10.51 10.59 14.43
NaCl 12.72 12,72 12.61 12.62 12.65 17.33
Si 12.60 12.56 12.24 12.24 12.46 17.87 124
SiC 16.09 16.02 15.80 15.80 15.95 22.49
SiOq 9.865 977 911 9.13 9.34 11.31 9
ZnO 4.56 435 428 4.29 4.42 5.89 5.0
ZnS 12.82 12.73 1273 12.74 12.83 18.41 13.5
ZnSe 12.97 12.87 1288 12.89 12.96 1752 14.5
Zn'Te 12.40 12.77 11.01 11.03 11.14 16.11  13.0

Table 5.8: Valence bandwidths for LDA, PBE, EXX, CEDA, LFX, HF and experimental
results for group IV, III-V and II-VI semiconductors and insulators. Experimental results
from [34], [137], [146], [147], [148], [149] and [150].
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Figure 5.8: Comparison of average predicted semicore binding energies against experi-
ment for materials presented in table 5.9. EXX points (green) are covered by the LFX
points (orange).

have greater variational freedom when having a non-local exchange potential. The EXX
and LFX total energy values are very close with EXX always lower as it minimises the
HF total energy using a local functional, while the LFX has the same density as HF.
The EXX and LFX total energies differ at most by 0.0041 eV for CaO, with the CEDA
total energy being the highest (for SiOg 0.142 eV greater than EXX), as approximating
the eigenvalue differences with a constant in the EXX functional derivative restricts the
variational freedom in the potential.

In figure 5.7 we observe the same trend for the Kohn-Sham band gaps as for the
Group IV semiconductors. Overall the LDA and PBE largely underestimate the band
gap, HF grossly overestimates the gap, CEDA slightly underestimates and EXX and
LFX are very close to the experimental results. As noted for Ge, Si and C the EXX
and LFX band gaps overestimate for small gap materials and underestimate the gap for
large gap materials.

The small gap materials for which EXX and LFX overestimate the band gap are
typically composed of heavy elements where the spin-orbit splitting can be very large.
Figure 5.9 shows the band structures for LDA, PBE, EXX, CEDA, LFX and HF for
InSb, for which even LDA overestimates the band gap (LDA Kohn-Sham band gap 0.91
eV, experimental gap of 0.23 eV). EXX, CEDA and LFX all hugely overestimate the
gap. However the spin orbit splitting at the I point in InSb is 0.81 eV which is much
larger than the band gap.[137, 138] Similarly for CdTe (the band structures of which are
plotted in figure 5.10), where the EXX and LFX band gaps are overestimated relative
to experiment, the spin-orbit splitting is 0.950 eV.
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Figure 5.9: Band structures for InSb using the following potentials; (a) LDA, (b) PBE,

(c) EXX, (d) CEDA, (e) LFX and (f) HF. The Fermi level has been set to 0 eV for all
band structures. Brillouin zone special points are indexed in appendix C.
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(c) EXX, (d) CEDA, (e) LFX and (f) HF. The Fermi level has been set to 0 eV for all
band structures. Brillouin zone special points are indexed in appendix C.
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While the relativistic effects of spin-orbit coupling were not included at all in these
calculations just the inclusion of the spin-orbit splitting does not fully correct for the
overestimated gaps. However inclusion of full relativistic effects can decrease the band
gap by more than just the observed spin-orbit coupling.[139, 140] Hence we do not feel it
is instructive to “correct” measured band gaps by adding the spin-orbit splitting to the
experimentally measured band gaps. In addition no relativistic corrections were applied
in the generation of the pseudopotentials used in these calculations. Inclusion of both of
these effects could improve the band structures for small gap materials.

The EXX, CEDA and LFX give good predictions of the band gap for material com-
posed of lighter elements as evidenced by figures 5.11 and 5.12 which show the band
structures for GaN and ZnO respectively. For wider gap materials (figures 5.13 and 5.14
show the band structures for HfO9 and SiOg respectively) EXX, CEDA, LFX all under-
estimate the band gap. The mean absolute error of the predicted band gaps compared
to experiment is; 1.31 eV for LDA, 1.13 eV for PBE, 6.24 eV for HF, 0.49 eV for EXX,
0.49 eV for LFX and 0.67 eV for CEDA. Hence the EXX and LFX results are in good
with experiment and CEDA results gives a value reasonably close to experiment.

The numerical results for EXX and the trend of overestimating small band gap ma-
terials composed of heavy elements, giving good results for materials composed of lighter
elements and underestimating the predicted gap for wide gap materials are consistent
with those found in references; [95, 97, 98, 152, 153, 154, 155, 156].

The valence bandwidths for all the materials presented here are largely the same
regardless of the exchange-correlation potential chosen except for HF, as shown in table
5.8. The LDA bandwidths are the widest of the local potentials and EXX/LFX have
the narrowest width. Compared to experiment all the predicted valence bandwidths for
the local potentials are in good agreement, with the differences between the theoretical
methods smaller than the error on the experimental measurements (typical experimental
errors are of the order of 0.5 eV).

In the calculations presented here some semicore states are included as valence, see
table 5.3 for valence electron configurations. The binding energies of localised d-electrons
(the bands associated with the d-electrons can be seen in figures 5.10 and 5.12) are
shown in table 5.9 and the average value calculated binding energy compared to the
experimentally observed values are shown in figure 5.8. Hartree-Fock hugely over-binds
the d-electrons, as does the LDA and PBE. EXX and LFX give binding energies closest
to the experimental values. For semicore states with low binding energy (Zn ions and Cd
ions for example), EXX and LFX give good agreement to the experimental values, but
this agreement worsens with an increasing binding energy. However relativistic effects
will have increased effect on the states with large energies, hence the increasing error
between the calculated and experimental results is indicative that relativity needs to be
included (both in the pseudopotential and in the actual calculation) to accurately model
these tightly bound states.

The success of EXX and LFX over LDA /GGA may suggest that the accurate treat-
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Figure 5.11: Band structures for GaN using the following potentials; (a) LDA, (b) PBE,
(c) EXX, (d) CEDA, (e) LFX and (f) HF. The Fermi level has been set to 0 eV for all
band structures. Brillouin zone special points are indexed in appendix C.
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Figure 5.13: Band structures for HfO5 using the following potentials; (a) LDA, (b) PBE,
(c) EXX, (d) CEDA, (e) LFX and (f) HF. The Fermi level has been set to 0 eV for all
band structures. Brillouin zone special points are indexed in appendix C.
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Figure 5.14: Band structures for SiO2 using the following potentials; (a) LDA, (b) PBE,
(c) EXX, (d) CEDA, (e) LFX and (f) HF. The Fermi level has been set to 0 eV for all
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ment of self interactions is as least as important as inclusion of correlation for the accurate

modelling of electronic structures.

5.2 Electronic Structures for Transition Metal Oxides

5.2.1 Introduction

One of the great challenges for density functional theory is the correct description of
so called “strongly correlated” materials. The prototypes of these are the transition
metal monoxides; MnO, FeO, CoO and NiO. All four of these materials adopt an anti-
ferromagnetic insulating ground state. The LDA and GGA to do not correctly reproduce
the electronic structure of these materials, giving marginal band gaps in the case of MnO
and NiO and metallic behaviour for CoO and FeO. The application of the self-interaction
free exchange-only potentials (EXX and LFX) to these materials and the accuracy of
the resulting band structures, can be used to determine whether the poor description
of the transition metal monoxides by conventional exchange-correlation functionals e.g.
LDA, GGA, is due to self-interaction error or an insufficiently nuanced description of

correlation.

5.2.2 Calculation Parameters and Unit Cell

The transition metal monoxides adopt a rock salt structure with an antiferromagnetic
ground state with the magnetic moments arranged along the [111] direction in the mate-
rial. The rock salt unit cell is used for all four materials, the rhombohedral distortion for
MnO, FeO and NiO and the tetragonal distortion for CoO are ignored, as the distortions
are small.[157, 158, 159, 160] The calculation parameters are shown in table 5.10. All

Material | Valence electron | Ecyor (€V) | MP k-point Lattice
configuration grid parameter (A)
MnO 3523p%4523d° 2100 4x4x4 4.44
FeO 3523p54523d5 2100 4x4x4 4.33
CoO 3523p84523d" 2100 4x4x4 4.25
NiO 3523pf4523d® 2100 4x4x4 4.17

Table 5.10: Parameters for calculations on transition metal monoxides. Lattice parame-
ters from [161]. Valence electron configurations are for the transition metal ion, oxygen
valence electron configuration is from table 5.3.

calculations on these materials use a rhombohedral unit cell orientated along the [111]
direction, to allow magnetic structure to be commensurate with the periodic unit cell.
The unit cell for MnO is shown in figure 5.15.
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Figure 5.15: Unit cell for MnO, red spheres are O ions and violet spheres are Mn ions.
Arrows indicate possible spin moment directions.
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Figure 5.16: Band structures for MnO using the following potentials; (a) LDA, (b) EXX,
(c) CEDA and (d) LFX. The Fermi level has been set to 0 eV for all band structures.
Brillouin zone special points are indexed in appendix C.
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5.2.3 Electronic Structure of MnO

The calculated band structures for MnO for LDA, EXX, CEDA and LFX are shown in
figure 5.16. The LDA gives a small band gap with the conduction band minima along
the R — Y direction and the valence band maxima at the Y point. The EXX, CEDA
and LFX band structures are very different from the LDA, because the LDA (and PBE)
adopt a different magnetic ground state to that adopted by EXX, CEDA and LFX. This
can be seen in the calculated magnetic moments, table 5.11) where the EXX, CEDA,
LFX and HF moments are largely the same with the LDA and PBE moments smaller.
EXX, CEDA and LFX give conduction band minima at the I" point.

The EXX and LFX results are also slightly different, in contrast to the results ob-
tained for the semiconductors. The differences from the HF total energy for EXX, CEDA
and LFX (table 5.12), show that the trend observed for the semiconductors continues.
The EXX and LFX total energies are very close (0.008 eV different) and the CEDA total
energy difference from the EXX total energy is an order of magnitude greater at 0.236
eV, which is very similar to the semiconductor results. The calculated Kohn-Sham and
experimental band gaps are shown in table 5.13. The EXX and LFX band gap differ by
0.14 eV which is more than was observed for the semiconductors, however both are close
to the experimental value. The CEDA result is much better than the LDA and PBE

band gaps but is underestimated relative to experiment.

Material w(peB)

LDA PBE EXX CEDA LFX HF Expt.
MnO 4.66 4.76 5.06 5.10 5.04 498 4.58,4.79
FeO 3.68 3.72 4.00 4.06 3.98 394 3.32,4.2
CoO 2.68 2.66 2.98 2.96 2.94 290 3.35, 3.98
NiO 1.44 1.58 1.94 1.88 1.90 1.88 1.64,1.90

Table 5.11: Calculated magnetic moments the transition metal ions for LDA, PBE, EXX,
CEDA, LFX and experimental band gaps for transition metal monoxides. A range of
experimental values from refs [161].

Material AE (eV)

EXX CEDA LFX
MnO 0.840 1.076 0.848
FeO 1.487 4.874 1.623
CoO 1.658 2.854 1.748
NiO 1.723 2.724 1.783

Table 5.12: Total energy differences from HF for EXX, CEDA and LFX for transition
metal monoxides.
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Material E; (eV)
LDA PBE EXX CEDA LFX Expt.
MnO 0.45 0.89 3.85 3.12 3.71 3.9
FeO 0.00 0.00 1.18 0.00 0.70 2.4
CoO 0.00 0.04 2.19 0.27 1.91 2.5
NiO 0.56 1.43 3.84 2.17 3.68 4.0, 4.3

Table 5.13: Calculated Kohn-Sham band gaps for LDA, PBE, EXX, CEDA, LFX and

experimental band gaps for transition metal monoxides. Experimental values from refs

161].
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Figure 5.17: Band structures for FeO using the following potentials; (a) LDA, (b) EXX,
(c) CEDA and (d) LFX. The Fermi level has been set to 0 eV for all band structures.
Brillouin zone special points are indexed in appendix C.
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5.2.4 Electronic Structure of FeO

For FeO the LDA, EXX, CEDA and LFX band structures are shown in figure 5.17.
Both the LDA and CEDA band structures are qualitatively incorrect giving metallic
band structures. Only the EXX and LFX give the correct insulating behaviour with
the valence band maxima half way along the Y — S direction and the conduction band
minima at the I' point, however the difference in band gap between the two methods
is large. The calculated magnetic moments suggest that EXX, CEDA and LFX are
adopting the same magnetic state and are in good agreement with experiment. However
the EXX and LFX band gaps are not in good agreement with experiment, which suggests
that the missing correlation potential in the material has a strong influence on the band
structure. The total energy differences also vary much more than for MnO, with a
difference of 0.14 eV between EXX and LFX. The CEDA total energy is much higher

due to the metallic ground state it adopts.

5.2.5 Electronic Structure of CoO

The band structures for LDA, EXX, CEDA and LFX applied to CoO are shown in figure
5.18. The LDA gives a qualitatively incorrect band structure, with metallic behaviour,
CEDA gives a very small gap and EXX and LFX give gaps slightly smaller than the
experimental value. The conduction band minimum is again at the I" point and the
valence band maxima are at both the Y and S points. The EXX and LFX again show a
significant difference in band gap of 0.28 eV however this is smaller than the difference
seen for FeO. The total energy difference between EXX and LFX is also noticeable
although again not as large as the difference for FeO. The calculated magnetic moments

are also slightly underestimated relative to the experimental values.

5.2.6 Electronic Structure of NiO

Finally the band structures for NiO are shown in figure 5.19. The LDA gives a small
gap and EXX, CEDA and LFX give much wider gaps with the EXX and LFX band
gaps being quite close to the experimental value. The LDA result is different to the
EXX, CEDA and LFX band structures with the conduction band minima in the R — Y
direction and the valence band maxima at the Y point. The EXX, CEDA and LFX
band structures give the conduction band minimum at the I' point. The LDA (and
PBE) adopts a different magnetic ground state from EXX, CEDA and LFX, as can be
seen in the calculated magnetic moments. The LDA and PBE moments are smaller than
the EXX, CEDA, LFX and HF, which are very close to the experimental values. The
energy difference between the EXX and LFX is smaller than FeO and CoO but larger
than MnO and the semiconductors. The Kohn-Sham band gap difference between EXX
and LFX is similar to that found for MnO, while CEDA underestimates the band gap

value significantly.
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Figure 5.18: Band structures for CoO using the following potentials; (a) LDA, (b) EXX,
(c) CEDA and (d) LFX. The Fermi level has been set to 0 eV for all band structures.
Brillouin zone special points are indexed in appendix C.
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5.2.7 Conclusions for the Transition Metal Monoxides

EXX and LFX give an improved description of the antiferromagnetic transition metal
monoxides relative to the LDA and PBE, due to the cancellation of the self interactions
in the local exchange-only potentials. However the description is not as close to exper-
iment as that found for the semiconductors. This is not surprising as these materials
are strongly correlated and our calculations up to this point neglect this significant con-
tribution. Also unlike for the semiconductors the EXX and LFX results are not nearly
identical to each other, as was found previously, but are highly material dependent. The
differences between EXX and LFX can probably be explained using the theoretical argu-
ments presented in section 3.7. The band structures, band gaps and magnetic moments
for the transition metal monoxides for EXX and CEDA are very similar to those found
by Engel et al.[103]
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Figure 5.19: Band structures for NiO using the following potentials; (a) LDA, (b) EXX,
(c) CEDA and (d) LFX. The Fermi level has been set to 0 eV for all band structures.
Brillouin zone special points are indexed in appendix C.
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5.3 Band Structures for Metals

5.3.1 Hartree-Fock Treatment of Metals

The different treatment of occupied and unoccupied bands in Hartree-Fock leads to a
poor description of the band structure when using HF, see section 3.1.2 in chapter 3. By
contrast the LDA gives a good treatment of simple metals. By construction the LDA is
exact for the homogeneous electron gas and the closer the metal is to the homogeneous
electron gas the more accurate the calculated LDA band structure.

For metals the incorrect behaviour in HF can be best illustrated by using the homo-
geneous electron gas.! If we consider the homogeneous electron gas as a periodic system,
it is the simplest possible metal, known as jellium. Jellium is a solid composed of a set
of electrons moving in a uniform positive background charge.[41] As the electron gas is

homogeneous the density is a constant;

9y (5.5)

and the external potential is also uniform and equal and opposite to the homogeneous
density, hence the Hartree and external potentials exactly cancel. The solutions to the

Schrédinger equation are plane waves;

de(r) = jﬁe“‘-‘“, (5.6)

and the Schrodinger equation for jellium is then just composed of the kinetic and ex-

change terms which assuming a spin degenerate system is given by;
N

2 2 T ') s (1!
—%@-(r) -3 dr’W@-(r) = gi¢i(r). (5.7)

: r—r
j

Using the reciprocal form of the Coulomb potential;

1 _ dq 4 iq.(rfl'/)
|r—M‘1/@w3MP€ ' (5:8)

Substitution of the above into equation 5.7 along with the plane wave form of the wave

functions gives the HF dispersion for jellium;

K2 / dk' 4
8 = o e @R kP (5.9)
R ke (KRR ke k
) i 2wk k‘p—k'

The dispersion for HF diverges logarithmically (has infinite gradient) at the Fermi

I These effects are well known for HF, for completeness a brief summary is given below.
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Figure 5.20: Free electron dispersion compared with Hartree-Fock dispersion calculated
from equation 5.9.

level. This is plotted compared to the free electron dispersion in figure 5.20. This
divergence results in a zero density of states at the Fermi level even for free electrons, as
the density of states is proportional to the inverse of the gradient, g—i.[éﬂ] The valence
bandwidth is increased relative to the free electron case, a result that has also been noted
in the calculations for semiconductors.

While HF gives a qualitatively incorrect band structure for a free electron the LDA
will give the correct (exact) form as it is parameterised by construction to be exact for
the case of the homogeneous electron gas. The behaviour of the EXX and LEX potentials

when applied to metals remains to be determined.

5.3.2 Application of EXX and LFX to Metals

For a set of metals; jellium, sodium, magnesium, aluminium, calcium and graphene,
the band structures were calculated using LDA, EXX, LFX and HF. The calculation
parameters for these elemental metals are listed in table 5.14, using the same valence
electron configurations for the pseudopotentials listed in table 5.3. Occupancies are
smeared with a width of 0.025 eV using Gaussian smearing.

The calculated jellium band structures with 2 electrons per unit cell using LDA,
EXX, LFX and HF are shown in figure 5.21. The LDA band structure is the free
electron dispersion and the HF band structure shows the expected increased bandwidth
and logarithmic dispersion. However the LFX and EXX results show a band structure
that is free electron like and identical to the LDA band structure.

The difference in the HF band structure and the EXX/LFX results is likely due to the
difference in treatment of the unoccupied bands, in HF the unoccupied bands have self-
interaction errors while the occupied bands are self-interaction free. The self-interaction

of the HF unoccupied states immediately above the Fermi level pushes the unoccupied
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Material | Ecutof | MP k-point Lattice Crystal
(eV) grid parameter (A) structure
Jellium 400 12 x 12 x 12 3.00 simple cubic
Na 1000 8 x 8 x%x8 4.29 body centred cubic
Mg 900 10 x 10 x 7 3.21/5.21 hexagonal
Al 900 12 x 12 x 12 4.05 face centred cubic
Ca 1400 8x8x8 5.58 face centred cubic
Graphene | 1100 | 16 x 16 x 1 2.47/20.0 hexagonal

Table 5.14: Parameters for calculations on simple metals. Lattice parameters from [138§]
except for graphene.[162]

states to higher energies, diminishing the density of states at the Fermi level. For the
EXX and LFX all bands are treated identically and are self-interaction free, hence the
band structure is that of a free electron.

The EXX and LFX for jellium give the same total energy as shown in table 5.15
which is slightly higher than the HF total energy.

Material | AE (eV)
EXX LFX
Jellium 0.003 0.003
Na 0.009 0.009
Mg 0.057 0.058
Al 0.036 0.036
Ca 0.298 0.314
Graphene 0.110 0.110

Table 5.15: Total energy differences from the HF total energy for EXX and LFX.

The band structures for sodium, magnesium and aluminium are shown in figures 5.22,
5.23 and 5.24 respectively. The LDA, EXX and LFX band structures are remarkably
similar and the HF band structures show the increased bandwidths and steep slope
(possibly logarithmically divergent) at the Fermi level as observed for jellium.

The total energy differences for these three metals, have the same trend seen for
semiconductors with the HF total energy bounding the minimal value of the total energy
and the EXX total energy lower than the LFX value but within the numerical uncertainty
(less than 0.005 €V). They are shown in table 5.15.

The band structures for calcium are shown in figure 5.25, the HF band structure is
insulating which is a qualitative failure of the method and most likely due to the energetic
preference for fully occupied bands over partially occupied, due to the n‘Z’n‘J’ term in the
(partially occupied) Fock exchange integral. However the EXX and LFX band structures
are correctly metallic, which is why the energy difference from the HF total energy is so
large as the bands that cross the Fermi level have partial occupancy.

For calcium the LDA, EXX and LFX band structures are similar but not identical as

we had found for the band structures of the previous calculations (Jellium, Na, Mg and
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Figure 5.21: Band structures for Jellium using the following potentials; (a) LDA, (b)
EXX, (c) LFX and (d) HF. The Fermi level has been set to 0 eV for all band structures.
Brillouin zone special points are indexed in appendix C.
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Figure 5.22: Band structures for Na using the following potentials; (a) LDA, (b) EXX,
(¢c) LFX and (d) HF. The Fermi level has been set to 0 eV for all band structures.
Brillouin zone special points are indexed in appendix C.
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Figure 5.23: Band structures for Mg using the following potentials; (a) LDA, (b) EXX,
(¢c) LFX and (d) HF. The Fermi level has been set to 0 eV for all band structures.
Brillouin zone special points are indexed in appendix C.
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Figure 5.24: Band structures for Al using the following potentials; (a) LDA, (b) EXX, (c)
LFX and (d) HF. The Fermi level has been set to 0 eV for all band structures. Brillouin
zone special points are indexed in appendix C.
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Al). The shape of the bands are almost the same but the most significant difference is
at the Fermi level where the band crossings around the W point are different. For EXX
and LFX the two bands that cross along the W — L direction are split with one crossing
close to the W point and one halfway along the direction, whereas for LDA these two
bands are nearly degenerate and cross one third of the way along the direction. For the
crossing along the X — W and W — K for EXX and LFX the band crosses much closer
to the W point than with LDA. These differences reduce the density states at the Fermi
level for EXX and LFX relative to LDA. This was a result noted for calcium in reference
[96].

ZON

/

e (eV)

20 20
151
10 101~

g (eV)
/N

Figure 5.25: Band structures for Ca using the following potentials; (a) LDA, (b) EXX,
(¢) LFX and (d) HF. The Fermi level has been set to 0 eV for all band structures.
Brillouin zone special points are indexed in appendix C.

Graphene band structures for LDA, EXX, LFX and HF are shown in figure 5.26.
For LDA, EXX and LFX the characteristic crossing at the K point is reproduced and
the EXX and LFX band structures have a slightly increased valence bandwidth relative
to LDA. However yet again HF gives a metallic material as insulating. This is for the
same reasons as found for calcium, due to the incorrect treatment of the HF unoccupied

bands, which is corrected by using a local potential that does not distinguish between
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occupied and unoccupied bands.
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Figure 5.26: Band structures for graphene using the following potentials; (a) LDA, (b)
EXX, (c) LFX and (d) HF. The Fermi level has been set to 0 eV for all band structures.
Brillouin zone special points are indexed in appendix C.

5.4 Summary

In this chapter the calculated band structures for semiconductors, insulators, transition
metal oxides and metals for the LDA, PBE, EXX, LFX, CEDA and HF functionals were
presented. The local exchange potentials EXX, CEDA and LFX give a much improved
description of the band structures of all the materials presented, relative to the LDA,
PBE and HF. As the resulting band structures and potentials are largely identical for
EXX and LFX, this confirms the expectation (from section 3.7) that the two potentials
capture the same exchange physics. CEDA being an approximation does not give results
of the same quality as EXX and LFX but still improves upon the LDA and PBE. For
semiconductors and insulators EXX and LFX give band gaps close to experiment, with

this agreement becoming less evident the wider the band gap of the material under
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investigation. Inclusion of relativity and spin-orbit coupling could improve the accuracy
of the calculated band structures for small gap heavy element semiconductors.

EXX, CEDA and LFX perform slightly worse for the transition metal oxides. Al-
though they all give correctly an antiferromagnetic ground state for the materials, the
band structures agreement with experiment is poor. For CEDA FeO is metallic and CoO
is nearly metallic also. The band structures for EXX and LFX also slightly disagree from
each other especially for FeO and CoO.

As was shown, section 3.7 the EXX and LFX are the zeroth order terms of two similar
interacting perturbative expansions. It is expected that for weakly correlated systems
EXX and LFX will agree, while for strongly correlated systems the two potentials will
give different results.

EXX and LFX also give a good description of metals, in contrast to the poor descrip-
tion that results from using HF. This is particularly striking for LFX, which is based on
the same HF calculation that gives qualitatively the wrong result, predicting for example
semimetallic behaviour for the jellium model.[41, 163] Neither EXX or LFX display the
divergence, or steep slope of the dispersion relation, €Zk vs k, at the Fermi level seen in
some HF band structures and both correctly give metallic states when HF would give
insulating (calcium and graphene). In the literature (and textbooks)[41, 163, 164], the
failure of HF to correctly describe jellium as a metal is attributed is attributed to the
lack of correlation in the treatment of the electron-electron interaction and it is argued
that by including correlation, the qualitatively incorrect description of metals by HF is
rectified. In this case, the main effect of correlation is the screening of the Coulomb
repulsion between two electrons at r and r’, caused by the rearrangement of the other
electrons, so as to shield the bare Coulomb field of the exchange potential. By intro-
ducing a term that exponentially screens the Hartree-Fock exchange term (see equation
2.56 for the screened exchange (sX) exchange-correlation term) the denominator in the
first line of equation 5.9 acquires a constant term that eliminates the divergence.[34, 165]
However from the EXX and LFX calculations it is evident that the divergence (or steep
slope of the dispersion curve) vanishes when using a local exchange only potential. Hence
in the context of density functional theory with a non-interacting system of electrons,
the divergence is most likely an artefact of the non-local exchange potential used in HF.
While the EXX/LFX band structures for simple metals coincide (almost) with the LDA
band structures, the EXX/LFX total energies neglect correlation and differ substantially
from the LDA total energies.



Chapter 6

The Derivative Discontinuity

6.1 The Fundamental Band Gap

As discussed in section 5.1.4 there is a difference between the fundamental band gap of
a system, F,, and the Kohn-Sham band gap, EgKS . The calculated band gaps so far
discussed are calculated by;

Eé(s = EN4+1 —EN- (6.1)

where ey41 and ey are the N 4+ 1th and Nth eigenvalues of an N electron system.
Whereas the fundamental band gap for an N electron system is defined as the difference
between the ionisation energy, I(NN) and the electron affinity, A(N) of an N electron

system;

Eg =I(N) — A(N)
—BE(N +1) 4+ E(N —1) — 2E(N), (6.2)

where E(M) is the ground state energy of an m electron system.

From the extension of Koopmans’ theorem to density functional theory, the ionisation
energy is; I(N) = —eX where the superscript is the number of electrons in the system and
the subscript is the eigenvalue number.[133] Also the electron affinity of the N system
is equal to the ionisation energy of the NV + 1 system. Hence the fundamental band gap

can be written;
Ey =eNil—en = Ef5 + Axe. (6.3)

where Ay, = E%ﬂ — E%H > 0 because the N + 1-th orbital of the N + 1 system is
repelled by N other electrons, while the N + 1-th orbital of the N system is repelled by
N — 1 other electrons.

To consider the fundamental band gap of an IV electron system we must consider the
N +1 and N —1 electron systems as well. For an isolated system (atom or molecule) this

is a tractable problem to solve. For a periodic system the number of electrons is infinite,

137
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hence the addition or subtraction of an electron is not a meaningful thing to consider.
However for the exact exchange correlation functional the total energy varies between
the N+ 1, N and N — 1 electron states linearly.[166] Hence the total energies for these

three states determine the gradients of the total energy between these three points.

6.2 Fractional Charges

To determine the behaviour of an exchange correlation functional as the number of
particles varies between the N + 1, N and N — 1 states, we must consider a system with
a fractional number of electrons, NV + w, where 0 < w < 1. Considering such a system
there will be N + 1 orbitals, with occupancies of 1 for all orbitals between 1 and N and
occupancy w for the N + 1 orbital.! The density is given by;

N
PN (r) = oi(r)]? + wlgn 1 (0)? = pN (r) + wonia(r), (6.4)
=1

where a subscript indicates a single particle state index and a superscript the number
of electrons in the system. So pn41(r) is a single orbital density for the N + 1-th state.
Directly inputting the density of N 4+ w electrons, the ground state total energy is;

1 1
BNt =— 23 / drgl(r)V26:(r) —wy / Aol 41 (1) V2 0n 1 (1)
=1

R 1 N+w N4w (.
+ /drVext(r)pN+w(r) +3 // drdr'” ’(rr)pr/‘ =) + Exc[p" ]

N
=- ;z; / drol(r)V2e,(r) - w% / droly, (026 41 (r) (6.5)

+ [ @V + Bl 4 5 [ T

v — x|

N / 2 ,
+w// dray P BNt LY // drdy! PYALT) PN (r )7

|r — r/| 2 |r — 1’|

where, the total energy behaves quadratically with changing w, unless the exchange-
correlation term cancels the w? self interaction term for the N + 1 orbital. Also note the
exchange-correlation energy will possibly include higher and/or fractional powers in w

as well.

! Assuming the system is spin restricted and there are no degenerate states. The assumption of
restricted spin is valid, as we treat the electrons with spin ‘up’ and spin ‘down’ as two separate systems
coupled by the density. Hence we can add an electron to one spin channel and keep the number of
electrons in the other channel fixed.
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However in the case of Hartree-Fock, EXX or LFX the total energy is given by;

1 1
BN =— o 2 / drg}(r)V2¢i(r) —wy / drgly 1 (£) V264 ()

+ / Ve (1)) + / / drar 2" (0P ()

v — |

// e P @)1 () +// drde PN E)PN1 ()
]r—r’] |r — 1|
_//d d/‘p ‘Z_W//drd /p rr)pN+1(r7r)
r—r’] |r — 1|

—//d gy PNLE) o (1) (6.6)

v — |

=- %Z / dre] (r)V2¢;(r) — w% / drly, ) (1) V2 dn1(r)
i=1

+ [ et + / [ a0

v — 1’|

2
+(U/ drdr,p ()pN“rl —//d dl‘p )‘
|r — 1’| |r—r’|
—(U/ drdrle(rvr/)pN+1(r7r)

v — |

which is linear in w, as the exchange term cancels the self-interaction.

Note the HF total energy is linear under the assumption the orbitals are frozen
during the change in occupation, but the behaviour of the total energy will also be
strongly influenced by the relaxation of the orbitals during the energy minimisation.
The behaviour of the HF total energy with changing occupancy will be demonstrated in

the next section.

6.3 Total Energy of Fluorine for Fractional Charges

The energy dependence of fluorine for the LDA, EXX, LFX and HF was calculated for
the F atom, F™ and F~ ions as well as for fractional charges in-between. Fluorine was
chosen as it is the most electronegative atom in the periodic table and hence most likely
to strongly bind a negative ion. The neutral fluorine atom has 9 electrons, hence one
spin channel has 5 electrons and the other has 4 electrons. To respect Hund’s rules the
FT ion has 5 and 3 electrons respectively in each spin channel and the F~ ion has 5
electrons in each spin channel.

Calculations were carried out using an isolated atom/ion in a cubic box for which no
symmetry operations were applied. Addition or removal of charge leads to a divergence
in the total energy as the unit cell is non-charge neutral and we have an infinite periodic
lattice of such non-charge neutral cells. To account for this a uniform background charge

is added to create a neutral unit cell, as was done to overcome the divergences in the



Chapter 6. The Derivative Discontinuity 140

electrostatic potential energy as was shown in section 2.4.6.

Calculations were performed using a cut off of 1000 eV and a single k-point at the "
point, hence these calculations were converged to an accuracy of 0.001 eV. To account
for the electrostatic effects of having ions and uniform background charges, calculations
were performed using three cubic unit cells, with lattice parameters of 10A, 12A and
15A. Using the three calculated total energy values the total energy is found in the
limit of an infinite unit cell size, which would have no interaction of the ions between

2 This is shown in figure 6.1,

the unit cells and vanishing uniform background charge.
for the neutral atom the total energies are largely invariant to the changing unit cell
size, however the two charged cells have significant electrostatic interactions, which are

eliminated by projecting the total energies to the infinite cell size limit.
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Figure 6.1: LDA total energies for fluorine for the F atom, F* and F~ ions, using the
10A, 12A and 15A lattice parameters with projected total energy for an infinite lattice
parameter.

The total energies for fluorine are shown in figure 6.2, as can be seen for all four
functionals none display the linear behaviour of the exact exchange correlation functional.
The LDA is quadratic with changing fractional charge, as the self-interaction term in w?
is not cancelled. The HF, EXX and LFX are much closer to the desired linear behaviour
as the self interactions are cancelled, but as the orbitals are minimised for the given
occupation and change as w is varied the total energy is not perfectly linear.[167, 168, 169]
Despite fluorine’s electronegativity for the a fractional charge of 0.1 the ion is unbound
for HF. The unbound state for a fractional charge of 0.1 is unexpected as fractional

charges greater than 0.1 are bound. The cause of the unbound state is not currently

2The uniform background charge density should integrate to the excess fractional charge in the non-
charge neutral cell. Hence for an infinite cell the background charge density tends to zero.
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understood.
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Figure 6.2: Total energies for fluorine for LDA, EXX, LFX and HF projected to the
infinite lattice parameter limit. Dashed lines are the linear behaviour for; black HF and
blue LDA. The HF, EXX and LFX points overlap.

6.4 Ensembles

The physically correct description of a system of fractional charges is to consider an

ensemble of integer electron states.®> The ensemble total energy is;
EN+w:(1_w)EN[pN]+wEN+1[pN+1]’ (6.7)

the ensemble density retains its definition from equation 6.4 and the orbitals satisfy the

ensemble Kohn-Sham equations;

\V& NJ“U (r) 8E)](\£+‘“
—?‘1'%)('5 /dr Iy + Bp(r)

3This is a correct description as a system with non-integer electron number is unphysical.

¢i(r) = €igi(r). (6.8)
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The ensemble energy functional is then;

N
BN = - %Z / dr! (r)V2¢i(r) — w% / drgly (1) V2ona (r)
i=1

+/drffext(r)pN+“(r)+;//d PLalolal sl

!r—r’!

\r—r’\ |r—r’] ’

+ ( l—w)EN[ ]+wEN+1[pN+1 (6.9)

This function is linear in w.* This allows us to consider the fundamental band gap in

terms of the derivatives of the energy with respect to the occupancy;

8EN+UJ aEwa
E, = — , (6.10)
ON N4w ON N—w
the gradient is given by;
aENer
=FE(N+1)—- E(N
— =E(N +1) ~ E(N)
1 N
=5 [ ol OV oxnm + [ drtmoa
. / / e o () 1 // drdp PNF1E)PN 1 ()
lr —r/| 2 Ir — 1’|
+ B [N - Eglp™)
1 N
= [—2/dr¢}r\,+1(r)v2¢]\z+l(r) +/dr%xt(r)pN+1(r) (6.11)
N / EN
//drd /Lj\f‘tl()_i_ dra C oy (r )]
r—r| Ip(r)
/PN+1 r)pN1(r') OBy
vy [ a2 o) V1)
+ B [N = B,
the term in the square brackets is the N + 1 eigenvalue of an N electron system:;
OENTY 1 1 PN+1(T)pn (X)) OER,
—an —evhtg //drdr i — v/ dr TUPN-H( r)
+ B [N = B, (6.12)

alternatively the gradient can be arranged to give the N 4 1 eigenvalue of an N + 1

4We continue to consider a spin restricted system.
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electron system, which becomes;

RNt Ny 1 pN+1(r)pn41(r') OE
— drd / _ d XC
// T ey / " Dp(ry PV )

ON N+ g
+ BNV — EXpM). (6.13)

6.5 The Derivative Discontinuity

6.5.1 The Exact Derivative Discontinuity

From equation 6.10 we have a definition of the fundamental band gap in terms of the

gradients. Hence the exact fundamental band gap is;

EN-‘,—w EN—w
E, = 9 — 9 (6.14)
ON N+w ON N—w
1 r r 1 r r
N N pN+1(r)pn1(r') pn(r)pn(r')
:5N+1—€N+2//drdr’ v +§ drdr’w

oEN 1 N—
= [ e S o) = o (0] + B — 2B+ B
Returning to the definition of the fundamental band gap and Kohn-Sham band gap;
Eg =B +eNtl — g1 = R + A, (6.15)

and the exact derivative discontinuity is then;

/ /
AXC — 1// drdr/pN+1(r)pN+1(r ) + 1// drdr’w (616)
2 lr — 1| 2 Ir — /|
aE)J(\é N+11 N+1 Nr N N—-11 N—1
_ dl‘ap(r) [PN—f—l(r) - pN(I‘>] + EXC [p ] - 2Elxc [P ] + Exc [p ]

6.5.2 Derivative Discontinuity for Local Density Functionals

For any density dependent functional (LDA and GGAs) the first term in the second line

of equation 6.16 is the Taylor expansion of the last term in the second line;

OEN ) )
drap(r) [on+1(r) — pn ()] = BT pN T = 2BX[pN] + BN, (6.17)

and the derivative discontinuity simplifies to;

/ /
ALDAGGA _ ;// dpde PNLE) PN (1) +1// drar' PN TN () (6.18)

|r — 1/ 2 |r —r/|

This is an unexpected result as the LDA and GGA are presumed to have no derivative
discontinuity.[167, 168] This assumption is based on the LDA total energy in figure 6.2

being continuous around w = 0, when directly considering fractional charges.



Chapter 6. The Derivative Discontinuity 144

6.5.3 Derivative Discontinuity for Orbital Dependent Local Function-
als

For EXX and LFX, if the correlation energy terms are neglected we obtain;

//d rdr ’pN“’r _pf/’“( 7 4 ;//drdr/pN’(:)_pflﬁr,) (6.19)

aEN N+17 N+1 N N N—-17 N-—1
/ Gl (e) = o )] B0V < 2 0] 4 BV,

the difference in the exchange energies between N 4+ 1 and N is;

EN+1 o EN — 1 //drd /pN+1( )pN+1(r,’r)
X X 2

v — x|

| o (e )N ()
* 2// e P
! //drdr,[pw ) 4 oy (0 )Y (1) + pria (1)

v — ']

+;//d g P )t (0 r) (6.20)

!r - r'\

:1//dd,p D) e o1 ()N (1 )
2 ]r—r’\ lr — r/|

L g PN ®pN () L p N () e (1 )
o J = ]

r—r/| 2 lr —r/|
//d gy PN T)p N(r',r) 1/ dpdy PN PN ()
|r —r| 2 lr — 1| ’

and the difference in the exchange energies between N — 1 and N is;

EN—I _ EN - 1// drdr,prl(r, r/)prl(r/’r)

e

//d d /10 p (r/7r)
!r—r’\

g [[ i’ N(ex') — (e )oY (1) — p(r )]

- v —r'|

+;//d P ()P (1) (6.21)

v — |

//drd /PN (T, " )_P:‘(rvr) _;//drdr’/w_

Hence the Hartree self-interaction terms are cancelled and the exchange only deriva-
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tive discontinuity is given by;

N AN (.
AEXX,LFX _ /drVXEXX,LFX(r) [ons1(r) — pn(r)] — // drdr’pNH(r’r )p" (r',r)

v — 1’|

+ // e PN (X7 (1) (6.22)

v — x|

Adding this term to the EXX or LFX Kohn-Sham band gap is expected to reproduce
the HF fundamental band gap (but calculated using the EXX or LFX orbitals). From
Koopmans’ theorem the HF fundamental band gap is equal to the HF eigenvalue dif-
ference between the highest occupied orbital and the lowest unoccupied orbital (the HF
equivalent of the Kohn-Sham band gap), under the assumption of frozen orbitals. Hence
the exchange-only EXX and LFX fundamental band gap is expected to have similar
value to the HF Kohn-Sham band gap. This is a good test for our formalism.

6.6 Convergence of Calculated Derivative Discontinuities

Tests for the convergence of Ay, for the LDA and Ay for EXX where performed by
varying the size of the plane wave basis set as determined by the cut off energy and the
size of the Monkhorst-Pack grid. Using same sets of input parameters as the convergence
tests detailed in section 4.3.1, the convergence with respect to cut off energy is shown
in figure 6.3, the convergence is much faster than that shown by the total energy, the
required level of convergence is achieved by using a cut off energy of 200 eV for LDA
and 400 eV for EXX, rather than 600 eV (for both) as seen for the total energy.

In figure 6.4 the convergence of the derivative discontinuity for EXX and LDA with
respect to changing Monkhorst-Pack grid is shown. A 6 x 6 x 6 grid for EXX gives the
required level of convergence, which is the same as that of the grid used for the total

energy, whereas for the LDA the grid is converged using a 4 x 4 x 4 grid.

6.7 Results

6.7.1 Fundamental Band Gaps for LDA and PBE

The calculated semiconductor Kohn-Sham band gaps and derivative discontinuities for
group IV, III-V and II-VI semiconductors and insulators, are shown in table 6.1, for the
LDA and PBE the calculated Kohn-Sham band gaps and fundamental band gaps (Kohn-
Sham plus derivative discontinuity) are shown in figure 6.5, the fundamental band gaps
for LDA and PBE are much closer to the experimental band gaps than the Kohn-Sham
band gaps, (the exception appears to be CdO, which is greatly overestimated). The
mean absolute error for LDA Kohn-Sham band gaps is 1.31 eV, for the fundamental
band gap is 0.57 eV, for PBE the mean absolute error on the Kohn-Sham band gaps is
1.13 eV and for the fundamental band gap is 0.51 eV. The mean absolute error of the
Kohn-Sham band gaps for EXX is 0.49 eV and for LFX 0.49 eV. Hence, compared with
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Figure 6.3: Convergence of the derivative discontinuity with respect to cut off energy in
silicon for EXX and LDA.
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EES (eV) Aye (eV) | EES + Ay

LDA PBE | LDA PBE | LDA PBE | Expt.
AlAs | 113 1.19 | 0.35 0.34 | 147 1.53 | 2.23
AIN | 425 443 | 1.04 1.05 | 529 548 | 6.28
AP | 155 1.75 | 0.46 0.48 | 2.01 2.23 | 245
AISb | 0.83 0.90 | 0.24 0.24 | 1.07 1.14 | 1.60
C | 402 426 | 0.70 0.72 | 472 4.98 | 5.47
CaO | 3.88 4.05 | 292 3.14| 680 7.19 | 7.09
CdO | 0.34 066 | 3.11 3.18 | 345 3.84 | 1.12
CdS | 1.31 1.65 | 1.01 1.04 | 2.32 268 | 2.42
CdSe | 0.86 1.12 | 0.68 0.68 | 1.54 1.80 | 1.74
CdTe | 146 1.80 | 0.44 045 | 1.91 225 | 1.61
GaAs | 1.00  1.10 | 0.33 0.32 | 1.32 1.42 | 1.52
GaN | 213 235 | 1.09 1.11 | 3.22 3.46 | 3.39
GaP | 1.52 1.72 | 045 047 | 1.97 219 | 2.35
CGaSb | 0.45 0.55 | 0.22  0.22 | 0.67 0.76 | 0.81
Ge | 011 0.4 | 022 021033 035 0.74
HfO, | 3.12 323 | 2.02 211 | 513 534 | 590
InAs | 0.44 0.67 | 0.40 0.39 | 0.84 1.06 | 0.42
InN | 021 038 | 123 1.24 | 1.44 1.63 | 0.93
InP | 1.07 127 | 055 0.57 | 1.62 1.85 | 1.44
InSb | 0.91 1.02 | 025 025 | 1.16 1.27 | 0.24
MgO | 4.63 497 | 2.84 289 | 747 7.86 | 7.80
MgS | 3.63 3.89 | 0.98 1.01 | 461 4.90 | 4.50
MgSe | 2.76 2.82 | 0.66 0.66 | 3.43 3.47 | 4.10
MgTe | 2.07 219 | 0.41 041 | 249 261 | 3.47
NaCl | 4.89 537 | 1.56 1.59 | 6.45 6.97 | 8.97
Si | 044 0.60 | 025 0.26 | 0.69 0.87 | 1.17
SiC | 126 1.42 | 0.81 0.82 | 2.07 2.24 | 2.42
SiOy | 5.25 571 | 0.71  0.73 | 597 6.44 | 9.00
ZnO | 1.93 228 | 1.57 1.61 | 3.50 3.89 | 3.43
ZnS | 258 294 | 0.84 0.87 | 3.41 3.80 | 3.80
ZnSe | 1.85 216 | 0.55 0.55 | 2.40 2.71 | 2.80
ZnTe | 2.02 2.19 | 0.35 035 | 2.37 254 | 2.39

Table 6.1: Kohn-Sham band gaps for LDA, PBE, derivative discontinuities for LDA,
PBE, fundamental band gaps for LDA, PBE and experimental results for group IV, III-
V and II-VI semiconductors and insulators. Experimental results from [137] and [138],

except for InN,[143] NaCl,[144] SiO2 and HfO9.[145]



Chapter 6. The Derivative Discontinuity 148

20 T T T
. LDAEKSg
. PBEEKSg
18 o —
LDAE® +A
g X
. PBEE™ +A
g XC
16 . -
e  HFE®
& TS
*
14 .
‘0
*
s 12 -
L * *
5 - i
© * *
kel *
5 10 —
m /
3 L 4 /
5 - . /7
= * s
£ L .t / |
*
* ° *» //
L . b4 . -
* Ve
. . 7/ .
P AR / _|
N 7 .
et $
. ot SR
/ s ¢
4= o 0,/ ¢ * $ =
o0 ?
B 28R $ i
3¢ 2ot
. 4
2 /Oz/ ": ; —
L
*
Rt /0§: ¢ 1
24
» %
0 1 I 1 I 1 I 1 I 1
0 2 4 6 8 10

Experimental Band Gap (eV)

Figure 6.5: Comparison of predicted Kohn-Sham band gaps for LDA and PBE, the LDA
and PBE fundamental band gaps and HF band gaps against experiment for materials
presented in table 6.1.
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experiment the LDA and PBE the fundamental band gaps are greatly improved relative
to the Kohn-Sham band gaps. They have almost the same accuracy as the EXX and
LFX Kohn-Sham band gaps (without the derivative discontinuity correction).

The formulation of the LDA derivative discontinuity from ensemble considerations
was independently demonstrated in refs; [169, 170]. The authors of those references find
a vanishing derivative discontinuity for LDA, in the thermodynamic limit. Work is in
progress to employ ensemble DFT for degenerate states,[171, 172, 173] for the set of
local exchange-correlation potentials like the LDA and GGA, to derive an expression for
Ay that remains finite in the thermodynamic limit. Preliminary results from symmetry
arguments, indicate that the Ay. (per particle) will be the same as the one we have

employed in our calculations.

6.7.2 Fundamental Band Gaps for EXX and LFX

For EXX and LFX the calculated Kohn-Sham band gaps and fundamental band gaps
are shown in figure 6.6. The fundamental band gaps are larger than even the HF Kohn-
Sham band gaps, but of similar magnitude which is the expected behaviour. The mean
absolute error for the EXX Kohn-Sham band gaps is 0.49 eV, for EXX the mean abso-
lute error for the fundamental band gaps is 4.04 eV. For the LFX Kohn-Sham band gaps
the mean absolute error is 0.49 eV and for the LFX fundamental band gaps the mean
absolute error is 4.05 eV. Considering the exchange derivative discontinuity without the
correlation component leads to highly overestimated fundamental band gaps. The calcu-
lated exchange only derivative discontinuities for Si, C, GaN and InN are of comparable
magnitude to those found in reference [97]. The expectation for the correlation derivative
discontinuities is that they have opposite sign and similar magnitude to the exchange
derivative discontinuity. The accurate reproduction of the (too large) HF band gaps

confirms the validity of our formulation.

6.8 Correlation Energy Derivative Discontinuity

From equation 6.16 the exact derivative discontinuity for an orbital dependent local

functional can be written;

A :1//d d /pN+1( )pN-‘rl(r/) —l—l//drdr/pN(r)pN(r,)
2 Ir — r/| 2 lr —r/|

/ pN+1( ) = pn ()] + BN < 2B [pN] + BTV (6.23)

+EéV+1[pN+1]72EéV[p ]+EN 1[ N— 1]
N (!
—/dr‘/)((r)[pN+1(r) / drdr /ION+1 r I‘)p (I‘ ,I‘)

r —r'|
N
//dd,err) (r,r)+AC.
v — 1|
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EfS (eV) Ay (eV) EXS + Ay

EXX LFX HF |EXX LFX | EXX LFX | Expt.
AlAs | 225 223 754 | 620 6.21 | 845 844 | 223
AIN | 577 572 13.55| 817 822 |13.95 13.94 | 6.28
AP | 250 247 799 | 6.53  6.55 | 9.04 9.02 | 245
AlSb | 1.67 1.65 6.56 | 5.69 570 | 7.36 7.35 | 1.60
C | 481 481 1251 | 997 997 | 14.77 14.78 | 547
CaO | 6.13 596 14.62 | 9.99 10.28 | 16.12 16.24 | 7.09
CdO | 1.93 1.84 9.00 | 850 8.56 | 10.42 10.40 | 1.12
CdS | 2.25 218 837 | 6.92 6.96 | 917 9.14 | 2.42
CdSe | 1.84 1.79 7.80 | 6.51 6.52 | 834 831 | 1.74
CdTe | 2.24 218 806 | 6.05 6.07 | 829 825 | 1.61
GaAs | 1.91 1.87 7.09 | 6.12 6.12 | 8.03 7.99 | 1.52
CGaN | 3.36 3.31 10.38 | 7.92 7.96 | 11.28 11.27 | 3.39
GaP | 231 228 756 | 647 6.49 | 878 877 | 2.35
CaSb | 1.20 1.19 588 | 562 562 | 6.82 6.81 | 0.81
Ge | 093 093 566 | 581 581 | 674 6.75 | 0.74
HfO, | 5.62 5.56 13.37 | 7.97 8.05 | 13.60 13.61 | 5.90
InAs | 1.35 1.30 6.79 | 5.87 588 | 7.22 7.8 | 0.42
InN | 142 135 746 | 7.15 7.9 | 857 854 | 0.93
InP | 1.92 1.87 729 | 6.15 6.17 | 8.07 8.04 | 1.44
InSb | 1.63 1.60 6.28 | 552 552 | 7.15 712 | 0.24
MgO | 6.66 6.59 15.27 | 9.97 10.03 | 16.63 16.62 | 7.80
MgS | 4.82 477 1141 | 741 745 | 1223 12.22 | 4.50
MgSe | 4.16 4.14 10.39 | 6.96 6.97 | 11.12 11.11 | 4.10
MgTe | 3.12 3.09 871 | 629 6.31 | 941 9.39 | 347
NaCl | 6.30 6.25 13.79 | 8.08 8.12 | 14.38 14.37 | 8.97
Si | 120 120 6.16 | 6.16 6.16 | 7.36 7.36 | 1.17
SiC | 242 240 844 | 7.81 7.82 |[10.23 10.22 | 2.42
SiOy | 7.30 7.23 1590 | 9.32  9.37 | 16.61 16.60 | 9.00
ZnO | 351 3.44 11.37 | 895 9.00 | 12.45 12.44 | 3.43
ZnS | 3.56 3.52 10.29 | 7.33  7.36 | 10.89 10.87 | 3.80
ZnSe | 2.91 2.87 946 | 6.87 6.88 | 9.78 9.75 | 2.80
ZnTe | 2.84 282 825 | 629 631 | 914 9.12 | 2.39

Table 6.2: Kohn-Sham band gaps for EXX, LFX, HF, derivative discontinuities for EXX,
LFX, fundamental band gaps for EXX, LFX and experimental results for group IV, III-

V and II-VI semiconductors and insulators. Experimental results from [137] and [138],
except for InN,[143] NaCl,[144] SiO2 and HfO9.[145]
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Figure 6.6: Comparison of predicted Kohn-Sham band gaps for EXX, LFX, the EXX
and LFX fundamental exchange only band gaps and HF band gaps against experiment
for materials presented in table 6.2.
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Rather than using the exact correlation energy we can approximate it. From appendix
B, equation B.11;

1" ‘ q)O‘Uee - V ’(ID >‘
7" Z o —Eo , (6.24)

T is the second order energy of a perturbative expansion. @ is the ground state
Slater determinant and ®,, is an excited Slater determinant. The negative of T}/ is
approximately equal to the correlation energy (expanded to second order when treating
interactions as a perturbation).[112, 133] Hence we take the correlation energy of an N

electron system to be;
EY[p"] = -1y (6.25)

In section 3.3.5, equation 3.73 was found by decomposing equation B.11 using the
Slater-Condon rules and considering only single excitations. If we also include double

excitations, equation 6.24 in terms of the Kohn-Sham orbitals becomes;[4]

N 00
N 1 ¢a¢b’Uee’¢z¢ ‘2 |¢a|v V ’¢z>|2
Ee Zz:: EJ;H €a+€b—sz—]ej ZZ a — Ei
_Z Z fdzjab+22fs : (6.26)
i,j=1a,b=N+1
=EJ[p"] + EZp").

The first term is a sum over double excitations and the second is a sum over single
excitations, where Uee is a two particle Coulomb operator, V, is the local exchange
potential and VXNL is the non-local Fock exchange operator. For simplicity f4(i,j : a,b)
is the matrix element of the double excitations and f*(i : a) is the matrix element of the

single excitations. The matrix element of Uee is given by;

(Patp|Uce| 9i005) = F(

)

L)y () [ ()BT (2)) — ol ()i (v
i) = [ a0

(6.27)
hence if i = j or a = b this matrix element is zero and f4(i,5 : a,b) = f4(j,i : a,b) =
(i, 5 : b,a).
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For the correlation energy due to the double excitations, partitioning the sums gives;

N—1
= [Z 015+ 01N
i—1

N—-1 o0
5m,j + 5m,N [50,N+1 + Z 60,(1]

Jj=1 a=N+2

X [(sd,N-q-l + Z 5d,b] fd(l,m L C, d)

b=N+2

N-1 00 N-1 oo
=3 > fgrab)+2) . > fija,N+1)

ij=1a,b=N+2 i,j=1a=N-+2
N-1 o) N—-1 oo
+2) 0 > fUENab)+4> 0 Y U Na, N+1),
i=1 a,b=N+2 i=1 a=N-+2
N-1 N-1 00
BN = b1+ G + S O+ OmN +0mns1| > fU,m:a,b)
i=1 j=1 a,b=N+2
N-1 oo N-1 00
= Z 146, 5 : a,b) -f—QZ Z 4G, N : a,b)
1,7=1 a,b=N-+2 i=1 a,b=N+42
N-1 oo
+2) 0 Y fUEN+1:ab)+2 Z fYUN,N +1:a,b),
i=1 a,b=N-+2 ab=N+2

o0 N—-1
dq,N + 0d, N1 + Z Odp Z 46,5 : e, d)

oo
ES[PNA] = 5C,N + 5C,N+1 + Z 6c,a]
b=N-+2 ij=1

a=N+2

N-1 [e'S) N-1 oo
=" Y flirab)+2> > fGgia N+1)

i,j=1 a,b=N+2 i,j=1a=N+2
N-1 0 N-1

+2> 0 Y fUgia,N)+2) ) fU,5 i NN +1),
i,j=1a=N+2 i,j=1

Summing the three terms to get the double excitation contribution to the derivative



Chapter 6. The Derivative Discontinuity

154
discontinuity gives;
AL =E¢[pN ] + BN - 2B 07
N-1 o] N-1 [e]
=2), > flGjraN)-2> > fUi.j:aN+1)
i,j=1a=N+2 i,j=1a=N+2
N-1 o0 N-1 o0
+2) 0 Y fEN+1ab)-2) 0 > Ui N:a,b)
i=1 a,b=N+2 i=1 a,b=N+2
N-1
+22fd23 N,N +1)+2 Z fYN,N +1:a,b)
i,j=1 a,b=N+2
N—-1 oo
-8 Y fUi,N:a,N+1).
i=1 a=N+2
For the correlation energy due to the single excitations;
N—-1 00
- [Z 815 + O !50,N+1+ > 5] foll:e)
i=1 a=N+2
oo
=>" Y flia +Zfs N +1)+ f5(N:N+1) (6.28)
i=1 a=N+2
o
+ > N
a=N+2
N—-1 00
PN = | G+ v + 5Z,N+1] > beafil:o) (6.29)
=1 a=N+2
N—-1 oo 00 00
=3 > fPla+ Y, FN:a)+ Y f(N+1:a),
i=1 a=N+2 a=N+2 a=N+2
ES Zélz cN+5cN+1+ Z 50@ fs : ) (630)
=1 a=N+2
N—-1 oo - N—-1
=3 ¥ fs(i:a)+ZfS(i:N+1)+Zfs(i
i=1 a=N+2 i=1

i=1
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Summing the three terms to get the single excitations contributions gives;

AL =E5[pN ) + ES[pN 1 - 2E5[pN]

N-—1 o0 o] o]
=> > Pliza)+ >, FN:a)+ >, f(N+1:a),
i=1 a=N+2 a=N+2 a=N+2
N—-1 oo N-1 N-—1
D D Flra)+ Y fE N+ + ) i N),
=1 a=N+2 =1 i=1
N—-1 oo N-—1
—2( > > Fliza)+ ) fE:N+1)+(N:N+1)
i=1 a=N+2 i=1
+ Y (N a)>,
a=N+2
o) 00 N-—1
=Y FWN+1:a)— > f(N:ia)= D f@:N+1)
a=N+2 a=N+2 i=1
N-1
+ D N) = 2f5(N N +1).
=1

In a plane-wave code to calculate this correlation derivative discontinuity is pro-
hibitively expensive due to the double sum over all virtual orbitals. This would require
using a very high cut off energy and truncating the infinite sums, whilst using a large
amount of memory as every set of orbitals needs to be stored. Due to the non-local terms
in F. we must use two sets of k-points, one that can be symmetrised and parallelised
(k) and (q) which cannot be symmetrised or parallelised. Alternately a modified version
of the Hylleraas variational method can be used but the resulting Sternheimer equation
is dependent on r and r/, similarly to the way the screened Coulomb interaction, W
in the GW approximation is calculated.[174] However the calculation of this correlation
component of the derivative discontinuity in second order perturbation theory is beyond

the scope of this work.

6.9 Summary

The treatment of a system with fractional charge in density functional theory was demon-
strated and the non-linear behaviour of the LDA, EXX, LFX and HF total energies with
varying fractional charge was calculated. The proper treatment of fractional charge using
an ensemble description that is linear in energy when the fractional charge is varied was
shown.

The fundamental band gap for a system was derived using the derivatives in terms
of the gradient in the total energy with respect to the fractional charge. Hence the ex-
act derivative discontinuity was derived, the approximate derivative discontinuities were

also derived for local density exchange-correlation functionals (LDA/GGAs) and for the
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exchange-only local potentials (EXX/LFX). We also derived the correlation derivative
discontinuity, A, for EXX and LFX, using a approximate (2nd order) orbital dependent
correlation energy. With the exception of a very recent independent publication, the dis-
covery of finite Ay, for LDA/GGA is surprising and contrary to the established opinion
in the literature.

The derivative discontinuities for the LDA, PBE, EXX and LFX were implemented
and tested with respect to the input parameters of cut off energy and Monkhorst Pack
grids, demonstrating equal convergence to the total energy. The derivative discontinuities
were then calculated for group IV, III-V and II-VI semiconductors and insulators. The
LDA and PBE fundamental gaps give a much improved value relative to experimental
values for the band gap compared to the Kohn-Sham band gaps. As expected the EXX
and LFX exchange-only fundamental gaps are comparable in magnitude to the HF band
gaps and are greatly overestimated relative to the experimental values. The EXX and
LFX Kohn-Sham band gaps remain the closest to experimental values.

It remains to be seen whether the (2nd order) derivative discontinuity for the correla-
tion energy, A, will effectively cancel Ay and yield an improvement over the EXX/LFX
Kohn-Sham band gaps.



Chapter 7

Conclusions and Future Work

7.1 Conclusions

The work presented in this thesis was centred on developing new methods to accurately
treat the exchange potential in density functional theory calculations, to yield improved
electronic structures. In the second chapter the many-electron problem was introduced
and the Hartree and Hartree-Fock approximations outlined. The Kohn-Sham (KS) DFT
was also outlined and the Hohenberg-Kohn theorems that underpin the theory proven.
The exchange-correlation potential and common approximations were discussed. The
implementation of DF'T into a crystalline system using a plane wave basis set and pseu-
dopotentials was also described.

In chapter 3 some desirable properties of the exchange-correlation potential were
discussed. The derivation of the local exact exchange potential (EXX) was undertaken
using the optimised effective potential method. An alternative method for finding the
EXX potential by exact minimisation of the HF total energy using perturbation the-
ory and the Hylleraas variational method was proposed, avoiding the infinite sum over
states needed in the optimised effective potential method. A simple algorithm for min-
imising this potential was also proposed. Three common approximations to the EXX
potential, the approximations of Krieger, Li and Iafrate (KLI) and Slater were derived,
the common energy denominator approximation (CEDA) was rigorously derived and an
algorithm for finding the CEDA potential that is very similar to the one used to find the
EXX potential proposed. A new local exact exchange potential that reproduces the HF
density was proposed; the local Fock exchange potential (LFX), the functional deriva-
tive and minimising function for this potential were also derived. The extension of DFT
to metallic system was discussed and the extension of the EXX and LFX potentials to
metallic systems were shown. A modified scheme for finding the EXX potential for a
metal was proposed that retains the structure of the originally proposed method.

Chapter 4 proceeds by describing the implementation of EXX, CEDA and LFX po-
tentials in a plane wave pseudopotential code. The choice of norm-conserving pseudopo-

tentials was explained. The exact iterative procedures for finding each potential was

157
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discussed. Various minimisation schemes were presented and compared for EXX, CEDA
and LFX and the chosen method of Fletcher-Reeves conjugate gradients explained. The
convergence of the total energy with respect to plane wave cut off energy and Monkhorst-
Pack grid size was tested for EXX, CEDA and LFX and compared to the HF convergence.
The parallelisation of the problem was discussed and performance tests were performed
to demonstrate the scaling with changing number of processors. Distribution over k-
points was found to scale almost linearly, whereas the distribution by reciprocal lattice
vector was found to offer some performance increase but is limited by interprocessor
communication limitations.

In chapter 5 the application was presented of the EXX, CEDA and LFX potentials to
semiconductors, insulators, antiferromagnetic insulators and metals for the calculation
of the band structures of these materials. A selection of technologically-relevant material
band structures were presented for the LDA, PBE, EXX, CEDA, LFX and HF exchange-
correlation functionals. Additionally the calculated exchange-correlation potentials for
the LDA, EXX, LFX and CEDA were plotted for Si, C and Ge. For semiconductors EXX
and LFX give near identical results; both giving accurate band structures with KS band
gaps close the experimental values, LDA and PBE KS band gaps grossly underestimate
the band gaps of the materials, CEDA slightly underestimates and HF grossly overesti-
mates the band gap. For insulators the wider the experimental band gap the poorer the
agreement with experiment for the EXX and LFX potentials. The requirement to in-
clude relativistic effects in the calculation was highlighted to explain the overestimation
of the band gap for small gap heavy element semiconductors. The need to complete the
calculation of the fundamental band gap by including the derivative discontinuity is also
discussed.

The application to the band structures of four transition metal monoxides is also
presented. The LDA and PBE give poor (metallic) results for these materials. EXX,
CEDA and LFX give all four as antiferromagnetic insulators and whilst the description of
their band structures is greatly improved relative to LDA and GGA, the agreement with
experiment is not as good as that found for the semiconductors, with CEDA giving FeO
as a metal. These materials also show differences between the calculated band structures
for EXX and LFX.

The calculated band structures for a selection of elemental metals were also presented.
The poor description of metals by HF was discussed and explained (contrary to current
belief in the literature). The band structures for EXX and LFX both give much improved
descriptions relative to HF, being very similar to those found by the LDA. EXX and LFX
band structures were free of logarithmic divergence at the Fermi level and gave metallic
band structures when HF gave semi-metallic behaviour.

The physical equivalence of EXX and LFX was also shown by considering the quan-
tities that EXX and LFX minimise. The EXX and LFX exchange potentials (plus the
Hartree potential) are the zeroth order potentials of two similar perturbative expansions

of the exact Kohn-Sham potential, where switching on interactions between electrons
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is considered the perturbation. These arguments also explain why EXX and LFX give
very similar results for weakly correlated systems and differing results for systems where
correlation plays a more important role.

Chapter 6 presents the fundamental band gap and its difference from the Kohn-Sham
band gap. The behaviour of LDA, EXX, LFX and HF for a fractional charged fluorine
atom were presented. The LDA shows a quadratic behaviour in the total energy, whereas
EXX, LFX and HF show an almost linear behaviour. Using a quantum mechanical
ensemble of states with different numbers of particles the exact derivative discontinuity is
found. The approximate forms it takes when using a density dependent functional (LDA
or GGA) or exact exchange potentials are also found, and a form using an approximate
orbital dependent correlation energy was also derived. Calculated fundamental band
gaps for the LDA, PBE, EXX and LFX were presented. The calculated fundamental
band gaps for the LDA and PBE are in good agreement with experiment, the EXX and
LFX fundamental band gaps are in much worse agreement with experiment than the
Kohn-Sham band gaps, highlighting the need to include correlation when calculating the
derivative discontinuity. Nevertheless the exchange-only results are expected as they are
close to the corresponding HF eigenvalue differences and confirms the validity of our

formulation.

7.2 Future Work

7.2.1 Including Correlation
Correlation Energy Functionals

To extend the exact exchange only theories presented in this thesis to higher levels
of accuracy, the correlation energy of system needs to be evaluated, especially to give
an accurate representation of strongly correlated materials. Using density dependent
correlation functionals will be insufficient to describe correlation accurately (as seen for
the transition metal oxides where the LDA and PBE give very poor results). An orbital
dependent correlation energy, (as detailed in section 6.8) will be very computationally
involved and hence would be limited in its possible applications. An orbital dependent
correlation energy that retains similar scaling behaviour as HF would be ideal. One
way to accomplish this is to extend DFT using reduced density matrix functional theory
(RDMFT) expressions. RDMFT introduces static correlation by extending the many-

body wave function beyond a single Slater determinant.

Reduced Density Matrix Functional Theory

Returning to the many-electron problem, any system of N electrons can be described

by the N-body density matrix as well as by its many-electron wave function.[175] This
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N-body density matrix is written;
T (ry. ey i r).rly) = UF (0] o) U (ry..N). (7.1)

The pth body reduced density matrix can be defined;

N
F(p)(rl...rp ryTp) = <p> /drp+1../drN\I/T(r'l...r;),rp+1...rN)\If(r1...rN). (7.2)

For a Hamiltonian with an external potential the many-body system can be fully deter-

mined in terms of the one-body and two-body reduced density matrices;
HV =EV
2 v
2/ drdr'5(r — 1) [(—Z) W r’)} +/ drdr’ (r,r':r,1’)

I'I'/ I'—I'/A I (l)r:r/. .
+//dd 5(r — )Vt (1T (x : 1) (7.3)

However the form of I'® is not known, while the form of I'™ is known. The two
quantities are related by equation 7.2. Hence using T'®) as the basic variable for the
problem analogous to the density in DFT is potentially a good idea, with T®) being a
functional of '), The use of I') as the basic variable satisfies a Hohenberg-Kohn like
theorem known as Gilbert’s theorem.[176]

The one-body reduced matrix can be expanded in a basis of its eigenfunctions, ¢;

referred to as natural orbitals. The reduced density matrix can then by written;
IO r') = nipl (t)gi(x), (7.4)
i=1

where n; is the occupancy of state ¢, with values bound to the conditions that; 0 < n; <1
and >25°, n; = N. These are the N-representability conditions for I'}) (for an N-fermion
wave function). Both the occupancies and natural orbitals are functionals of the one-body
reduced density matrix, hence we can write the energy as a functional of the occupancies
and orbitals and use orbital dependent functionals from DFT for the operators. Here
the partial occupancies are not determined from a smearing scheme as was done in DF'T,
but must be determined as the occupancies that minimise the energy functional for a

given set of natural orbitals.

Approximations to the Two-Body Reduced Density Matrix

The term I'® is unknown and it can be determined as the approximate functional of

I'D. The simplest functional form is the Hartree-Fock approximation, the two-body
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reduced density matrix is then given by;
1 1
I (ry,rg:ry,rh) = if(l)(rl,r’l)l“(l)(rz,r’z) — if(l)(rl, )T (rg, 1) ). (7.5)

The total energy functional is then the HF total energy for a partially occupied system;
Elni, ¢i] = — zni/dr¢g(r)2¢i<r) + zni/drqﬁz(r)%zt(r)@(r)
1= 1=

e T(r) i (v) ! (x)) s (v
LS5 i, [ i OO0 )

i=1 j=1 |I‘ N I‘/|
1 & (1) (1)l ()i (x)
— 2;;7%71] //dl‘dl‘ ‘I‘—]I‘/‘ 5

which is non-interacting and the optimal occupancies turn out to be either 0 or 1. To
introduce correlation reduced density functionals can be constructed by changing the
functional form of the occupancies for the Fock exchange integral. The functional of

Miiller gives the exchange correlation functional as;[177]

oo oo TI‘ (r J[r/ S (r!
ool = LS50 v [ OB

i=1 j=1 v —r'|

Other functionals for example are the self interaction corrected Miiller functional[178]
and the BBC functionals; BBC1, BBC2, BBC3.[179] Hence implementation of RDMFT
can use a partially occupied HF formalism with a modified Fock term. Minimisation of
the energy requires a minimisation of occupancies which is easy to accomplish, however
the determination of the natural orbitals cannot be reduced to an iterative eigenvalue
problem like HF or DFT and is computationally expensive to carry out. Additionally
RDMFT has no directly associated single particle eigenvalue spectrum, so calculations
are limited to properties that involve absolute energies or projections of the density

matrix to find out spectral information, which is again computationally expensive.[175]

Static Correlation Effects in DFT

Rather than solving a full RDMFT calculation the RDMFT energy functional could
instead be used in a Kohn-Sham calculation. Using the methodology of the optimised
effective potential following the method for variationally minimising the EXX potential
as detailed in previous chapters. The approximate natural orbitals for this system are
determined from a KS equation using a local exchange-correlation potential, allowing an
iterative eigenvalue scheme to determine the orbitals. The total energy functional would
be the RDMFT energy functional, occupancies would be determined by fixing the orbitals
and minimising total energy relative to the occupancies. The local potential could then

be varied using the partially occupied EXX functional derivative with the non-local
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Fock exchange term replaced with the non-local RMDFT exchange-correlation term. As
we use a Kohn-Sham equation to determine the eigenfunctions and eigenvalues of the
system, band structures and other spectral properties would be trivially accessible and
derivative discontinuities could potentially be calculated by generalising the ensemble
method detailed in the previous chapter to the RDMFT energy functional. Potential
drawbacks would be the increased number of orbitals with small partial occupancy needed
relative to a EXX or HF calculation (up to 50 extra orbitals[175]) which would increase
the memory overheads and computational effort required, as HF and hence RDMFT

scale as N? with respect to the number of orbitals.

7.3 Final Remarks

In this work we have derived and implemented accurate local exchange potentials in
DFT. The accuracy of these potentials was demonstrated by calculating the electronic
structures of a selection of materials. The correct treatment of excitation energies was
discussed in relation to the derivative discontinuity. We have demonstrated that exchange
and correlation contributions to the discontinuity must be treated together. A second
order correlation energy was proposed to allow the treatment of the correlation contri-
bution. Based on the calculated electronic structures the local exact exchange potentials
give accurate structures for systems where the exchange energy is dominant relative to
the correlation energy. For systems where this is not the case, we discussed, in this
final chapter, one possible method beyond DFT to improve the treatment of strongly
correlated materials, while retaining a local exchange-correlation potential. With the
proposed extensions to the local potentials, derivative discontinuity and increases in
computational capability, the implementations shown here could become an invaluable

tool in the first principles calculation of the electronic structure of any material.
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Symbols and Abbreviations

In this appendix we list some of symbols and abbreviations that are frequently used
throughout this thesis.

A.1 Variables

A.1.1 Integers

N Number of electrons
M Number of nuclei
A Atomic number

Nx,q Number of k, g-points
Ny Number of bands

Npw  Number of plane waves
n Electron index

i, k Occupied orbital index
k Orbital index

a,b  Unoccupied orbital index
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A.1.2

k,q
A.1.4

p(r)

Real variables

Total energy

Kinetic energy

Non-interacting kinetic energy
External potential energy
Electron-electron interaction energy
Hartree energy

Exchange energy

Exchange-correlation energy
Correlation energy

Eigenvalue for the i-th orbital of spin o
Fundamental band gap

Kohn-Sham band gap

Derivative Discontinuity

Occupancy of the i-th orbital of spin o
Unit cell volume

Step size

Smearing width

Plane wave cut off energy

Vectors

Position vector

Position vector for a nuclei
Lattice vector

Reciprocal lattice vector
Unit cell vector

Reciprocal unit cell vector

Bloch wave vector

Real Fields

Electron density

Complex Fields

Single particle orbital
Kohn-Sham single particle orbital
First order Kohn-Sham single particle orbital

Reciprocal space plane wave component
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A.1.6 Operators

H Hamiltonian

T Kinetic energy operator

TS Non-interacting kinetic energy operator
Vext(r) External potential

Vi(r)  Hartree potential

Vi(r)  Exchange potential

Vie(r)  Exchange-correlation potential
C

Conduction band projector operator

A.1.7 Two-Particle Objects

p(r,r’)  One body reduced density matrix
[(r,r’) Pair density

A.1.8 Many-Particle Objects

¥ Many-electron wave function
® Kohn-Sham Slater determinant

A.1.9 Other variables

o Spin coordinate

A.2 Abbreviations

DFT Density functional theory

HF Hartree-Fock

LDA Local density approximation

GGA  Generalised gradient approximation

PBE The generalised gradient approximation of Perdew, Burke and Ernzerhof.[23]
EXX Exact exchange

KLI Approximation of Kriger, Li and lafrate

CEDA Common energy denominator approximation

LFX Local Fock exchange

MP Monkhorst-Pack



Appendix B

Derivation of the 2nd Order
Energy Difference

In section 3.3.5, we consider the energy difference Ty;
Ty[V] = (|H,|) — B, >0, (B.1)

where W is the ground state many-body wave function of a system of N interacting
electrons. The interacting wave function, ¥ is expanded in a perturbative expansion.[112]
We start with a non-interacting Hamiltonian as our zeroth-order approximation, where
U (r) is an undetermined potential that mimics the electron interaction potential. The

non-interacting zeroth-order Hamiltonian is;
Hy o =T+ Vea +U, U=> Ulr), (B.2)
i

the eigenstates and eigenvalues of which are ® ,, and F, ,, respectively. It is worth noting
that ®,,,, is an excited Slater determinant of the zeroth-order Hamiltonian, the index n
sums all possible excited Slater determinants. The ground state Slater determinant is
D,.

Considering the interaction as a perturbation to the non-interacting zeroth order
Hamiltonian, we can define a tunable Hamiltonian that switches on interactions as a

perturbation;
N
H(a)=Hy o+ o(Vee— Y U(ry)), 0<a<l. (B.3)

The interaction is linear in « and for a = 1 the Hamiltonian is fully interacting and
for a = 0 the Hamiltonian is fully non-interacting. For small « the properly normalised

interacting ground state wave function of H(«), ¥(e) is to first order;
/ a2 !/ !/
U(a) = &y + ad), — ?(I)u<‘l>u|<1>u>, (B.4)
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The first order correction @/, is then given bys;

Dy |Vee — U|®
o =-> < “72 - = | “><1>u,n. (B.5)
n u,n u

Turning to the effective non-interacting Hamiltonian, H, with the interacting wave
function ¥(«) as its approximate ground state, the effective potential V will be close to
Vext + U since at o = 0, V = Vi + U. Hence for small o, V = Vit + U + oV’ where V'
is a perturbing potential. We then consider the perturbed non-interacting Hamiltonian;
N

He=Hy _g+ad V() (B.6)
i=1

with a ground state Slater determinant given by, ®31.¢. This ground state too can be

expanded up to order «;

~ a ~ ~
The first order correction @{l is then given by;
; Bun|V'|Pu)
P = — Wiu@ . B.8
u Z Eu,n _ Eu u,n ( )

The total energy for the non-interacting system is to order o?;

By = By + a(@u|V7|@0) + a? ({4 V7|90) + (@u[V'|BL) + (B} Ty, 5|8L)

1,z = 1 N I

- BB @ 1) — 5@l o108 180))
(@u|V|Pun) (Punl Hy, | Pun) (Pum| V| D)
—E @ /@ ‘/ext“'U )
+ a< |V | Z Z (Eu,n - Eu)(Eu,m - Eu)
(PulV'|Pun) (@ uan’I@u> (PulV'|Pusn) (Pun|V'|Bu)

- o — o B.9

Z Eu,n - Eu Z Eu,n - Eu ( )

n

. (@ V| @un) (Pun| Pun) (Pum| V| Pu)
— o, |Hy | Py : : : !
ZZ< ‘ ‘/ext+U| > (Eun _ Eu)(Eu,m _ Eu)

(Du| V' [Bun) (Pun| V| Pu)
2 u,n u,n u
Z Eun—Ey '

=By + a(®y|V'|®)

The expectation of the non-interacting Hamiltonian, I:IVe .+ applied to the interacting
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state, ¥(a) is;

(U(a)|Hy | ()
/ o? IR VANE 2 o9 / o? Y,
=(®y + ad}, — 7¢u<@u,®u>‘H\7€Xt+U +aV'| Py 4+ ad), — 7@u<<1>u|<1>u>>

xt+0|¢{l>

e

—(®ulHy,_ o1 ®0) + (@, [V + o <<c1>;|ﬁv

UV @) + (PulV'[@1) — S (PUIPLH(Pul V[ D)

L

2

L

2

=E, + a(®)|V!|®!) (B.10)
Z Z <q)u“7ee - U‘(pu,n><(I)u,n|ﬁf/ext+(j‘(pu,m><(I)u,m“7ee - U‘(I)u>

n m (Eu,n - Eu)(Eu,m - Eu)

o Z <(I)u|f/ee B ﬁ|q)u,n><q)u,n‘vl‘q)u> - Z <(I>u|f//|(1)u,n><q)u,n”7ee _ U’(I)u>
Eu,n - Eu Eu,n - Eu

<<1>uwv'\<1>u><<1>;\<1>;>)

+a2

n

S <(I>u|‘7ee_U|(I)un><q>un|q)um><q)um|‘7ee_U‘(I)u>
- Oy|Hy | Py ’ L :
zn: %: < | GXt+U| > (Eu,n - Eu)(Eu,m - Eu)

Z <(I)u|f/ee - U|(I)u,n><q)u,n”23e - U’(I)u>

:E @/ V/ @/ 2
u+a< u| | u>+a (Eu’n*Eu)

n

o Z <(I)u|f/ee B U|(I)u,n><q)u,n‘v/‘(pu> o Z <®u|f//|q)u,n> <(I)u,n“7ee _ U‘(I)u>
Bun— Ey Eun — Ey

n n

Substituting equations B.9 and B.10 into Ty gives;

T\IJ [‘7ext + U + O[V/]

3 (Pu‘A/vee_U(I)un (I)unf/ee_U(I)u

n (Eu,n - Eu)
- Z <<I>u|f/ee - U|q)u,n><q)u,n‘f/l|q)u> - Z <q)u|vl|q)u,n><q)u,n‘f/ee - ﬁ’q)u>
n Eu,n - Eu n Eu,n - Eu
- O | V'[P ) (P | V| @)
— By — a(®,|V'|®, 2y (B LA L = B.11
(V[ + 0" 3 (B.11)

2oy _ 2N (PulVee = VI®um) (Pun Vee — V[ Pu)
= T/|[V] =« : : ,
u [ ] ; (Eu,n _ Eu)
where V = U + V'. Ty also contains terms in higher orders of a. T is a functional of
the unknown potential U , which is kept fixed.

Considering only single excitations, decomposing the Slater determinants, ®, and
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®,, ,, into single particle orbitals, using the Slater-Condon rules gives;[10, 11]

N° 0o o |V ~o o o \|2
17 ’<¢u,i‘VH7u(r) + ux,u,i(r) -V (r)|¢u,a>‘
TV=2.2. 2

o _ O
Eu,a Eu,z

> 0. (B.12)
o i=1a=N°+1

T! should also contain a term including double excitations, but that term is only depen-
dent on U which is kept fixed. As we are only interested in the behaviour of T as 1%

changes, the double excitation term is a constant and is hence neglected.
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Brillouin Zones and Special Points

In this appendix we show the Brillouin zones and special points used in the calculation

of band structures.

Point ‘ Coordinates
Face centred cubic

[ (000) )

=

DO | 10| 00| Lo
DO | o =00 wo O
O Alcaliw O
S— N

o~~~ —~

K
L
W
X

Jz

Figure C.1: Brillouin zone and special points for a face centred cubic lattice.
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g3

Point | Coordinates

Hexagonal
A (0,0,3)
T (0,0,0)
H (2’2,%)
< | (o
L (Oq’%)
M (0’570)

g2

Figure C.2: Brillouin zone and special points for a hexagonal lattice.
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Orthorhombic
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s | (b
Y (0,5 ,0)

Figure C.3: Brillouin zone and special points for a orthorhombic lattice.
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Point | Coordinates
Simple cubic cubic

r (0,0,0)
R (3:3:3)
X (0,5,0)

Figure C.4: Brillouin zone and special points for a simple cubic lattice.
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Figure C.5: Brillouin zone and special points for a body centred cubic lattice.
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