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Abstract

This thesis is focused on the simulation of photoemission for the design of new photocathode

materials for Free electron laser (FEL) applications. In order to understand and develop new

photocathode materials, a photoemission model that simulates the quantum e�ciency (QE)

and the mean transverse energy (MTE) of the photoemitted electrons from first principles

simulations of the electronic structure of a material is developed in this work. The model

presented in this work extends the previous models of photoemission to include an explicit

model of surfaces, finite temperature and the e↵ects of an external electric field.

The photoemission model presented in this work is applied to simulations on di↵erent metal-

lic surfaces and the results are compared to experimental measurements of MTE done by the

ASTeC group at STFC with reasonable agreement. The computed QE is within the range of

previously reported experimental values. Discrepancies between the computed and experimen-

tal workfunction observed in this work are studied from the perspective that a change in surface

chemistry and composition can produce the observed change in workfunction.
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Chapter 1

Introduction

The interaction of electromagnetic waves with matter is one of the fundamental phenomenons

in the study and characterisation of materials. For a very long time, only a specific range of the

electromagnetic spectrum (400-750 nm) known as visible light was used. Optical instruments

such as magnifying glasses and microscopes were developed to see tiny objects that are not

perceivable by human eyes. However, in 1873 Ernst Abbe found that the resolution of optical

instruments is fundamentally limited by the di↵raction of light d,

d =
�

2n sin ✓
(1.1)

Where � is the light wavelength, n is the travelling medium refractive index and ✓ is the

maximal half-angle of the cone of light. The Abbe’s di↵raction limit explained that two objects

separated by a distance smaller than this di↵raction limit will appear as a single entity in the

image. Therefore, visible light microscopes are, in principle, limited to distinguish between

objects of a few hundreds of nanometers in size.[1] The study of molecules or atoms requires

the use of electromagnetic waves with a wavelength in the order of magnitude of the Å (⇠10-10

m).

In 1895, Wilhelm Röntgen discovered a region of the electromagnetic spectrum (0.01 - 10 nm)

that was capable of passing through most substances but not through bones and metals.[2]

1



2 Chapter 1. Introduction

He called this region of the electromagnetic spectrum X-Rays, which stands for unknown rays.

Later in 1912, Max von Laue obtained the first di↵raction pattern by studying the interaction

of X-rays with a crystal. This discovery was soon confirmed by William Henry Bragg and

William Lawrence Bragg with an alternative method, which led to the development of X-ray

crystallography.[3]

In 1913, Niels Bohr discovered the emission of spectral lines due to electronic transitions from

di↵erent energy states within an atom which established the foundations of the use of electro-

magnetic waves to understand the electronic structure of atoms within a molecule or material.

Later in 1914, Manne Siegbahn developed equipment and techniques that accurately measure

the interaction of X-rays with di↵erent elements, which led to the development of X-ray spec-

troscopy.

The first sources of X-rays, the vacuum tubes, convert electrical power into X-rays. The main

limitation of X-ray tubes is that the light is emitted in all directions and it is only intense at

particular wavelengths, which restrict its applications.

In 1947, the research on particles accelerators led to the discovery of synchrotron radiation,

which is the electromagnetic radiation emitted when charged particles are accelerated radially.

At the time, this radiation was considered an undesirable process that causes the particles

to lose energy but it was later recognised as an exceptional light source that overcomes the

shortcomings of X-ray tubes. This discovery led to the construction of the synchrotron light

source.

The combination of spatial resolution in the atomic scale and temporal resolution for the study

of ultra-fast process generates new opportunities to extend the knowledge of biology, chemistry

and physics. However, X-ray tubes and synchrotron light sources are incoherent light sources

that require that the atoms distribute periodically in space so that the di↵raction intensities

concentrate at discrete points that satisfy the Bragg’s conditions,[4]

n� = 2d sin ✓ (1.2)
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where n is an integer number known as di↵raction order, d is the distance between successive

layers or atoms and ✓ is the glancing angle, which is the angle between the beam and the surface

tangent. The Bragg’s condition describes the angles at which the scattering of waves from a

crystal lattice interfere constructively. For a non-crystalline sample, the di↵raction pattern

consist of a speckle pattern. In order to unveil the structure of non-crystalline materials,

coherent X-rays can be used to generate a series of coherent di↵raction patterns that are used

to reconstruct the sample structure.[5, 6, 7]

Coherent emission of radiation from accelerated electrons can be achieved if the electron bunch

is short with respect to the radiation wavelength or by modulating the electron density along

the bunch with the period of the radiation wavelength. The first strategy is limited to long

wavelength radiation such as infrared wavelengths. The second strategy has lead to the devel-

opment of the 4th generation of light source known as Free electron laser.[8]

1.1 Free Electron Laser

Free electron lasers (FELs) have proven to produce coherent light with short wavelengths (X-

ray) and light pulses in the order of femtoseconds (10-15 s). FELs are light sources where photons

are generated by electrons that are moving freely through a magnetic structure and they are

capable of generating a coherent emission of radiation of a fixed wavelength from Terahertz

to X-rays. The first FEL was invented in 1971 by John Madey at Stanford University.[9] The

main di↵erence between conventional lasers and FELs is the lasing medium. While the former

use gases (e.g.: He-Ne) or a material (e.g.: Ti:Al2O3) that has discrete energy levels, the latter

use free electrons that are not discrete in energy and therefore the wavelength is tunable.

FELs share some similarities with synchrotron light source since both use electrons that are

accelerated to speeds near the speed of light as lasing mediums. However, in a synchrotron,

electrons are accelerated in a circular particle accelerator known as storage ring. The radiation

is then projected at a tangent to the storage ring which produces light with a wide spectrum due

to the angular acceleration. In contrast, the linear design of a FEL produces a high coherent
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radiation with time resolution pulsed at a fixed wavelength. The peak brilliance, which is a

measure of the quality of a light source, of a FEL is 109 times higher than synchrotron light

source. The brilliance which is defined as

brilliance =
photons

second ·mrad2 ·mm2 · 0.1%BW
(1.3)

takes into account the number of photons produces per second, the angular divergence of

the photons or how fast the beam spreads out, the cross-sectional area of the beam and the

photon bandwidth (BW). The improvements that a FEL provides as a light source has been

demonstrated in experimental studies that cannot be performed with any other previous light

source. For example, in the study of membrane proteins such as the photosystem I, more than 3

million di↵raction patterns were collected before the protein is damaged by the radiation. This

same approximation can be used in the study of other membrane proteins that do not form

crystals of su�cient size to be studied using conventional radiation sources or are particularly

sensitive to damage.[10, 11]

The basic components of a FEL include:

– Electron-gun: Source of electrons that are produced by the photoelectric e↵ect using a

conventional laser that knocks electrons out from a material.

– Linear particle accelerator (linac): Accelerate the photoemitted electrons to speeds

near the speed of light using a superconductor resonator.

– Undulator: A periodic structure of dipolar magnets, where electrons are accelerated in

the transverse direction. Inside the undulator, the electrons interact collectively with the

radiation that the electron produces when they are transversely accelerated, making them

to micro-bunch. As a result of the micro-bunching, the electrons are periodically spaced

equal to the radiation wavelength. This process continues until it reaches a saturation

point when the electrons are strongly bunched.
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The oscillation of the bunched electrons results in a laser-like coherent emission. The radiation

fields produced by the electrons are overlapped in phase and the intensity is proportional to

N2 where N is the number of electrons, in a process known as the self-amplified spontaneous

emission (SASE).[12].

The quality of the light produced in a FEL depends on design parameters such as the magnetic

field, undulator period, electron bunch density and electron energy spread. In addition, the

ideal electron pulse has a large electron density and a small normalized emittance in order to

produce a high quality electron beam that enables the production of a coherent X-ray pulse.

Several strategies are being under study for the improvement of FELs such as the improvement

of undulators, linear accelerators (linacs), electrons sources, etc.[13] This work is focused in the

understanding and development of the next generation of photocathodes to be used as electron

source in a FELs by applying theoretical approximations.

1.2 Photocathodes

Electron emission can be induced by di↵erent physical mechanism such as thermoionic emission,

field emission and photoemission. In recent years, the development of a new generation of light

source has increased the attention to the photoemission process as a way to generate free

electrons, which makes the photocathode one of the key components in a FEL. The advantage

of photoemission with respect to other emission mechanisms is that the produced electrons

have the lowest noise and the fastest response time.[14]

In order to generate a consistent high quality electron beam from a photoemission process, the

choice of photocathode material is of great importance.[13, 15, 16, 17] The main properties of

interest in a photocathode are:

– Quantum e�ciency (QE): number of electrons emitted for each incident photon, ide-

ally as high as possible.

– Intrinsic emittance: The emittance of a particle beam measures the average spread of
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particle coordinates in position and momentum phase space. If the value of emittance is

reduced, the overall beam quality will improve as the brightness of the beam is inversely

proportional to the emittance. The emittance obtained from photo-injectors is limited by

the intrinsic emittance of the electron beam emitted from the photocathode.

The intrinsic emittance of a photocathode can be calculated from the mean transverse en-

ergy (MTE) distribution and the laser spot size of the photocathode �x from the following

equation:

✏ = �x

r
MTE

mc2
(1.4)

where m is the electron mass and c is the speed of light.[18, 19]

– Response time: emission time of the photocathode. A slow response time lengthens

the extracted pulses and produces long tails and limits the electron pulse duration.

– Durability and reliability: determines the performance of the photocathode over long

periods of time.

– Spectral response: variation of the above properties with the wavelength of the laser

light used to generate electrons.

The two parameters of study in this work are the QE and the MTE. These two parameters

depend on the work function (WF or �) which is the energy required to extract an electron

from the surface of a material and the electronic states localized at the surface of materials.

According to Dowell et al.[13], the current research of photocathode materials for FELs involves

the following aspects:

– Study of material properties such as electronic structure, surface morphology, chemistry

and optical properties.

– Development of new synthesis methods and nano-engineering with a high level of control

of the photocathode surface structure and composition.
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– Understanding of photoemission process as well as the chemical and physical properties

of photocathode materials through the expansion of theoretical and modelling concepts

of photoemission.

– Installation of the developed photocathodes in FEL facilities under real performance

conditions.

This work is focused in the third point, which is the understanding of the photoemission process

and the chemical and physical properties of photocathode materials using theoretical models

and the application of this methodology to predict the performance of candidate materials to

be used as photocathodes for FELs.

The development of photoemission models that connect the QE and MTE with the electronic

structure from first principle calculations has become an attractive approximation in the discov-

ery of new photocathode materials.[15, 19] The basis for the computationally assisted discovery

and optimisation of high performance photocathodes is based on the fact that, for complex

surfaces, it is di�cult to disentangle, using experiment alone, how the composition, chemistry

and structure of the surface determine the QE and MTE. It is therefore of primary importance

to have a predictive theory that can not only compute the QE and MTE from realistic models

of surfaces but that also facilitates the analysis of the emission mechanism.

Additionally, photocathodes are interesting candidates as electron source in ultrafast electron

di↵raction (UED) and ultrafast electron microscopy (UEM) setups.[20] Conventional electron

microscopy can achieved atomic scale resolution, however, structural changes in the femtosecond

or picosecond time scales are not possible to study with conventional setups. In conventional

setups, electrons are generated using thermionic emission or field emission which results in

the stochastic emission of electrons with no control over temporal resolution. This issue can be

overcomed with photoemission, since the pulsed lasers can generate precise electron packages in

the desire time scale. One of the main problems in UED and UEM setups is that space-charge

e↵ect due to the Coulomb repulsion of electrons broaden the pulse direction and increases the

energy spread during the propagation between the photocathode and sample. This problem
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can be circumvent by using a low number of electrons per pulse.[21] Moreover, under single

electron conditions, Coulomb repulsion is absent and therefore, imaging and di↵raction with

sub-nanometer and sub-femtosecond resolution can be achieved by using coherent single electron

packets.[22] For this reason, photocathodes with low QE and low MTE has been highlighted

as promising candidates in UED and UEM applications.[23]



Chapter 2

Background Theory

2.1 Quantum Mechanics

Quantum mechanics is the theory within which the behaviour of matter and energy on the

atomic and subatomic level has been described, correlated and predicted. At the atomic and

subatomic level, particles are identified by properties that take only certain discrete values and

this discreteness persists when the particles combine to form atoms, molecules and condensed

matter.

2.1.1 The Schrödinger Equation

Quantum mechanics originated as a theory to explain observations that cannot be explained

with classical mechanics such as the black-body radiation problem or the photoelectric e↵ect.[24]

In 1900, Max Planck introduced the idea that energy E is quantized or discrete in order to

explain the frequency ⌫ dependence of the energy emitted by a black-body, defined as

E = h⌫ (2.1)

where h is the Planck’s constant. Later, in 1905, Albert Einstein explained the photoelectric

9
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e↵ect by postulating that electromagnetic radiation can be divided into a number of energy

quanta or packages localized in space.[25] The idea that electromagnetic waves can be treated

as particles was further developed in 1924 by Louis de Broglie, who proposed that matter also

exhibits a wave-like nature and therefore, the momentum p and the wavelength � of the wave

associated with the particle motion is defined as

p =
h

�
(2.2)

However, the connection between quantities such as energy or momentum and wavelength is

more complicated for particles moving in any kind of potential. In 1926, Erwin Schödinger

developed the wave equation that enables the evaluation of quantum mechanical systems[26].

For a single particle, the time-dependent Schrödinger equation is:

i~@ (r, t)
@t

= H (r, t) (2.3)

where i is the imaginary unit, ~ = h
2⇡ is the reduced Planck constant,  is a mathematical

description of the quantum state known as wavefunction, r is the spatial coordinates and t is

the time. H is known as the Hamiltonian operator and it is usually the sum of a di↵erential

operator (kinetic energy) and a function of position (potential energy V ):

H = �
~2
2m

r
2 + V (r, t) (2.4)

where r is the gradient operator and m is the mass. For stationary state that does not depend

on time explicitly, the time-independent Schrödinger equation can be used

�
~2
2m

r
2 E(r) + V (r) E(r) = E E(r) (2.5)

For the majority of cases, it is required to extend the discussion so that N electrons and M
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nucleus are considered in the system of interest. The many-body wavefunction  depends on

the position of each electron r and each nuclei R in the system

 =  (r1, r2, ..., rN ;R1,R2, ...,RM ) (2.6)

and the Hamiltonian operator H becomes

H(r1, r2, ..., rN ;R1,R2, ...,RM ) = �

i=1X

N

~2
2me

r
2
i �

I=1X

M

~2
2MI

r
2
I + Vee + Vnn + Ven (2.7)

where Vee is the Coulomb repulsion between electron pairs, Vnn is the Coulomb repulsion be-

tween pairs of nuclei and Ven is the Coulomb attraction between electrons and nuclei. This

equation can be simplified by applying the Born-Oppenheimer approximation which states

that, since the nuclei are much heavier than the electrons, it is reasonable to assume that the

nuclei are clamped in known positions. Therefore, the electronic wavefunction depends on the

nuclear positions but not on their velocities. The Hamiltonian can be separated into two terms,

electronic and nuclear, and for a fixed nuclear configuration, the electronic Hamiltonian is:

H(r1, r2..., rN ) = �

i=1X

N

~2
2me

r
2
i + Vee + Ven (2.8)

where the Coulomb potential of the nuclei experienced by the electrons is defined as

Ven(ri) = �

X

I

ZI

|ri �RI |
(2.9)

ZI is the number of protons in the nuclei, ri and RI are the coordinates of the electrons and

nuclei respectively. The Coulomb repulsion between electron pairs Vee is defined as
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Vee(ri, rj) =
1

2

X

i 6=j

e2

4⇡✏0 |ri � rj |
(2.10)

where e is the electron charge and ✏0 is the permittivity of vacuum.

Solutions of the time-independent Schrödinger equation

The time-independent Schödinger equation (Eq. 2.5) describes the energy E of a particle and

for di↵erent values of E, the Schrödinger equation will return a di↵erent solution for the wave-

function  E(r). However, it turns out that only certain values of E are physically acceptable.

Therefore, the wavefunction must satisfy two conditions;

1. The wavefunction must be normalizable, which ensure that the probability of finding the

particle somewhere in space is equal to 1.

Z
..

Z
| E(r1, ..., rn)|

2 dr =

Z
..

Z
 ⇤
E(r1, ..., rn)(r) 

⇤
E(r1, ..., rn)dr1...drn = 1 (2.11)

2. The wavefunction and its first derivative must be continuous.

Electron density

The electron density ⇢(r) determines the probability of finding any of the N electrons in a

specific region of space at any point while the other N � 1 electrons have arbitrary position

and spin,

⇢(r) = N

Z
..

Z
| (r1, ..., rn)|

2dr2...drn (2.12)
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The Variational principle

The variational principle is used to develop general methods for finding functions that minimize

the value of quantities that depend upon those functions. In quantum mechanics, it is used to

find approximate ground states by choosing a trial wavefunction  (xn) and finding the values

of these parameters for which the expectation value of the energy E[xn] is the lowest possible.

The quality of the approximation is assessed based on how close the expectation value given by

E[xn] =
h ⇤

|H| i

h ⇤| i
(2.13)

where

h ⇤
|H| i =

Z
 ⇤H d3r (2.14)

is the expectation value or probability of finding a particle with an energy E of the Hamil-

tonian operator. The variational principle states that any approximation to the ground state

wavefunction yield an expectation value of the Hamiltonian that is greater than or equal to the

ground state energy

E0  E[xn] (2.15)

Thus, by varying  until the expectation value of H is minimized, the wavefunction and the

energy of the ground-state can be approximated.

2.1.2 The Hartree-Fock approximation

Solving the many-body Schrödinger equation is one of the main challenges in quantum mechan-

ics. The Hartree-Fock approximation[27] is a method of solving the many-body Schrödinger
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equation in a stationary state that approximates the many-electron wavefunction as an anti-

symmetrized product of N one-electron wave functions known as the Slater determinant;

 HF =
1

p
N !

�������������

 1(r1)  2(r1) · · ·  N(r1)

 1(r2)  2(r2) · · ·  N(r2)

...
...

. . .
...

 1(rN)  2(rN) · · ·  N(rN)

�������������

=
1

p
N !

det[ 1 2 · · · N ] (2.16)

The one-electron wavefunctions  i(ri) also known as spin orbitals are the product of a spatial

orbital �k(r) and an orthonormal spin function ↵ or �.

 i(ri) = �k(r)�(s) � = ↵, � (2.17)

where the spin functions have the property of being orthonormal;

h↵|↵i = h�|�i = 1 (2.18)

h↵|�i = h�|↵i = 0 (2.19)

For convenience, the functions  i(ri) in the Slater determinant are also orthonormal;

Z
dr ⇤

i (ri) j(ri) = �ij (2.20)

where �ij is the Kronecker delta, which is equal to 1 if i = j and 0 if i 6= j. Minimizing the

energy E with respect to variations of the Slater determinant using the variational principle

led to the so-called Hartree-Fock equation
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�

~2
2m

r
2 + Ven(r) + VH(r)

�
 i(r)�

Z
dr0Vx(r, r

0) i(r
0) = Ei i(r) (2.21)

where �
~2
2mr

2 defines the kinetic energy, Ven(r) is electron-nucleus attraction and

VH(r) =
NX

j

Z
dr0

| j(r0)|2

|r� r0|
(2.22)

Vx(r, r
0) =

NX

j

 ⇤
j (r

0) j(r)

|r� r0|
(2.23)

are known as the Coulomb and exchange integrals respectively. For i = j, the Coulomb and

exchange integrals are identical, which cancels out any self-interaction problem. The exchange

potential Vx has the physical interpretation that two electrons cannot occupy the same quantum

state simulataneously as explained by Pauli’s exclusion principle.

Correlation energy

In the Hartree-Fock approximation, the Slater deteterminant is found by applying the varia-

tional principle and therefore, the Hartree-Fock energy EHF is necessarily always larger than

the exact ground state energy E0. This di↵erence in energy is known as correlation energy Ec;

Ec = E0 � EHF (2.24)

The exact wavefunction for a system that contains many electrons never corresponds to a single

Slater determinant or a simple combination of determinants.
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2.2 The Density Functional Theory

The Schrödinger equation is a complicated problem to solve because it involves dealing with

a (3-N dimensional) many-body wavefunction that represent the system of study. In 1964,

Hohenberg and Kohn developed an alternative approach in which the total energy of the ground

state is a functional of the electron density ⇢(r) known as the Density Functional Theory

(DFT).[28] In order to prove this theory, Hohenberg and Kohn outlined two theorems:

First theorem. The external potential Vext(r) is a unique functional of the ground state

density ⇢0(r).

Vext(r) ⇢0(r)

 i(r)  0(r)

This theorem was demonstrated by reductio ad absurdum. If we consider that two external

potentials V and V 0 which di↵er by more than a constant but give the same electron density,

the two Hamiltonians (H and H 0) have to belong to two di↵erent ground states E0 and E 0
0

respectively, with E0 6= E 0
0,

E0 = h |H| i < h 0
|H| 0

i (2.25)

which yields to

E0 < E 0
0 +

Z
[V (r)� V 0(r)]⇢0(r)dr (2.26)

Considering that

E 0
0 = h 0

|H| 0
i < h |H| i (2.27)
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which yields to

E 0
0 < E0 +

Z
[V 0(r)� V (r)]⇢(r)dr (2.28)

Adding Eq. 2.26 and Eq. 2.28 leads to an inconsistent result

E0 + E 0
0 < E0 + E 0

0 (2.29)

Since the electron density uniquely determines the total number of electrons and the Hamilto-

nian, it has to also uniquely determine the many-body wavefunction and the total energy.

Second theorem (Variational principle). For a given external potential, the global mini-

mum of this functional is the ground state energy, and the corresponding density is the ground

state density.

h 0 |H0| 0i = E0[⇢0]  E[⇢] = h |H| i (2.30)

where ⇢ is a trial density and ⇢0 is the ground state density.

2.2.1 The Kohn-Sham equation

Hohenberg and Kohn demonstrate that the ground state energy of a many electron system is

a functional of the electron density.

E[⇢] = T [⇢] + VH [⇢] + Ven[⇢] + Exc[⇢] (2.31)

where T [⇢], Vee[⇢] and Ven describe kinetic energy, the electron-electron interaction and the

external potential respectively and Exc is known as the exchange and correlation functional.

The external potential Ven[⇢] is define as
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Vne[⇢] =

Z
⇢(r)Ven(r)dr (2.32)

Kohn and Sham[29] proposed the use of orbitals that describe wavefunctions of N non-interacting

electrons for which the kinetic energy is described as

T [⇢] = �
1

2

NX

i

⌦
 i

��r2
�� i

↵
(2.33)

The electron-electron interaction is approached as the Coulomb interaction of non-interacting

electrons, also known as Hartree potential VH

VH =
1

2

Z Z
⇢(r)⇢(r0)

|r � r0
|
drdr0 (2.34)

The errors introduces by the approximations made in Eq. 2.33 and Eq. 2.34 require the intro-

duction of an additional term, the exchange and correlation functional Exc, which contains all

the non-classical self-interaction correction, exchange and all correlation e↵ects that contributes

to the potential energy of the system as well as a portion of the kinetic energy.

2.2.2 The exchange and correlation functional

The treatment of Exc has become the main approximation in the density functional theory and

many di↵erent schemes have been developed.[24]

The Local Density Approximation

The simplest approximation to the exchange and correlation function is known as the local

density approximation (LDA). In this approximation, the exchange and correlation is calculated

for a simple system, the homogeneous electron gas. The LDA functional for a spin-unpolarized

system is written as
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ELDA
xc [⇢] =

Z
⇢(r)✏xc[⇢(r)]dr (2.35)

where ⇢ is the electronic density and Exc is the exchange and correlation energy density of a

homogeneous electron gas. Exc is decomposed into exchange and correlation terms linearly,

Exc = Ex + Ec (2.36)

where the exchange energy ✏x is known exactly and it is defined as

Ex = �
3

4

✓
3

⇡

◆ 1
3
Z
⇢(r)

4
3dr (2.37)

The correlation energy Ec can be obtained by numerical approximations. The most commonly

used approximation to the correlation energy in the LDA scheme was developed by Perdew

and Zunger[30] after parameterizing the data calculated by Ceperley and Alder[31] and the

resulting expression is

Ec =

8
>><

>>:

0.0311lnrs � 0.0480 + 0.002rslnrs � 0.0116rsz, rs < 1

�0.1423
1+1.0529

p
rs+0.3334rs

, rs � 1

(2.38)

where rs is the Wigner-Seitz parameter that defines the radius of a sphere which encompasses

exactly one electron divided by the Bohr radius. The LDA fails were the inhomogeneity of the

of the electron density undergoes rapid changes such as in molecules.

The Generalized Gradient Approximation

Improvements on the LDA exchange and correlation functional can be done by considering the

gradient of the electron density.[32] This approximation is known as the generalized gradient

approximation (GGA) and it is defined in the spin-independent form as
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EGGA
xc [⇢(r)] =

Z
⇢(r)✏xc[⇢(r)]Fxc[⇢(r),r⇢(r)]dr (2.39)

where ⇢(r) is the electron density and Fxc[⇢(r),r⇢(r)] is known as the enhancement factor. In

the GGA scheme, the exchange and correlation are treated independently following Eq. 2.36.

The exchange energy is

EGGA
x [⇢(r)] =

Z
d3r✏unifx ⇢(r)Fx(s) (2.40)

where ✏unifx is the exchange energy density of a uniform electron gas, ⇢(r) is the electron density,

and Fx(s) is the enhancement factor for a given GGA implementation.[33] For small density

variations around a uniform density,

Fx(s) = 1 + µs2 + ... (s ! 0) (2.41)

where µ is the e↵ective gradient coe�cient and s is the dimensionless density gradient, described

as

s =
|r⇢|

2kF⇢
(2.42)

where kF = (3⇡2⇢)1/3. For the GGA correlation functional, the gradient expansion is

EGGA
c [⇢(r)] =

Z
d3r⇢(r)[✏unifc ⇢(r) + �t2(r) + ...] (2.43)

where ✏unifc ⇢(r) is the correlation energy per particle of the uniform gas, � is a coe�cient and

t =
|r⇢|

2kFT⇢
(2.44)
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is the appropriate reduced density gradient for correlation, where kFT = (4kF/⇡)1/2 is the

Thomas-Fermi screening wavevector. The Thomas-Fermi screening is the limit of the Lindhard

formula when the wavevector is much smaller than Fermi wavevector (long distance limit).[34]

The Lindhard theory is a method of calculating the e↵ects of electric field screening by electrons

in a solid based on quantum mechanics and the random phase approximation.

Meta-GGA

Meta-GGA (MGGA) exchange and correlation functionals are an extension of the GGA in

which the non-interacting kinetic energy density is used as input of the functional along with

the electron density and its gradient. The spin-independent form is thus

EMGGA
xc [⇢(r)] =

Z
⇢(r)✏xc[⇢(r)]Fxc[⇢(r),r⇢(r), ⌧S(r)]dr (2.45)

where ⌧S(r) is the non-interacting kinetic energy density defined as

⌧S(r) =
1

2

X

ik

|r ik(r)|
2 (2.46)

where  ik(r) are occupied Kohn-Sham orbitals.[35]

Hybrid Functionals

Hybrid functionals approximate the exchange and correlation energy by incorporating a portion

of the exact exchange from Hartree-Fock theory.[36] This is usually done by a linear combination

of the Hartree-Fock exact exchange functional and an exchange and correlation explicit density

functional EDFT
x ;

EHybrid
xc = EDFT

x + a0(E
HF
x � EDFT

x ) + EDFT
c (2.47)
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where a0 is a constant estimated theoretically or fitted experimentally and

EHF
x = �

1

2

X

i,j

Z Z
 ⇤
i (r1) 

⇤
j (r2)

1

r12
 j(r1) i(r2)d(r1)d(r2) (2.48)

is the Hartree-Fock exact exchange functional.

2.2.3 Self-consistent field

In general, the eigenfunctions and eigenvalues in the Kohn-Sham equation (Eq. 2.5) require the

knowledge of the total potential V (r). However, V (r) depends on the density ⇢(r) and the latter

depends on the unknown eigenfunctions (Eq. 2.12). In order to determine the eigenfunctions

and eigenvalues, the Kohn-Sham equation is solved using an iterative method known as self-

consistent field (SCF) method.[37] The general flow-chart of the SCF method is shown in

Fig. 2.1.

In this method, the starting point is a ‘guess’ density and from there, a first estimation of the

total potential is calculated. Then, the Kohn-Sham equation is solved again to obtain a new

set of eigenfunctions that can be used to build a closer estimation of the ground state electron

density and energy. This process is repeated until the new density converges with the specified

tolerance.

2.3 Solid-State physics

Solid-state physics is a branch of condensed matter physics that studies the large-scale proper-

ties of solid materials from their atomic scale properties. The electronic structure of macroscopic

solids involves a extremely large number of electrons in the order of ⇠ 1026 per mole of atoms.

Over the years, two di↵erent but nevertheless complementary ways of studying electrons in

solids has been developed[38]:
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Initial guess for 
electron density

Converged?

No

Yes

Calculate the total potential

New set of wavefunctions

New density

Figure 2.1: Schematic flow-chart of the self-consistent method for the Kohn-Sham equations.

– Localize: A solid is treated as a large molecule and thus, electrons are described as

spatially localized orbitals.

– Delocalize: Electrons in a solid are treated as delocalized waves that extends throughout

the solid and thus, the electronic states can be labelled according to the wavevectors of

the wavefunctions in a concise reciprocal-space description.

For the study of macroscopic solids such as crystalline solids, delocalize approaches that inter-

pret the electronic structure of a solid as a distribution of electronic states in the reciprocal space

is a powerful method that allows a relatively straightforward calculation by taking advantage

of the symmetry of the crystal.

In crystallography, a crystal describes an ordered arrangement of atoms in a solid that repeat

in space with a symmetric pattern.[34] The symmetry properties of the crystal are described

by one of the 230 space groups which are made from the combination of the 32 set of symmetry
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operations known as crystallographic point groups with the 14 Bravais lattices. The point

group operations are reflection, rotation, rotoinversion, screw axis and glide plane symmetry

operations. The Bravais lattice are the distinct lattice types that, when repeated, can fill the

entire space and are generated by a set of unit vectors a1, a2 and a3 and a set of integers h, k

and l so that each lattice point identified by R are obtained as

R = h · a1 + k · a2 + l · a3 (2.49)

The Bravais lattice can be transformed into a reciprocal lattice by applying a Fourier transform

and thus generating a reciprocal lattice in reciprocal space that is particularly useful for the

study of delocalized waves. For an infinite three dimensional lattice defined by three vectors

such as the Bravais lattice, the reciprocal lattice can be generated as

b1 =
2⇡

⌦
a2 ⇥ a3 b2 =

2⇡

⌦
a1 ⇥ a3 b3 =

2⇡

⌦
a1 ⇥ a2 (2.50)

where ⌦ is the volume of the real space unit cell. The reciprocal lattice is divided into Brillouin

zones that are used in the description of waves in a periodic medium. The advantage of the

reciprocal space method is that, as explained by the Bloch’s theorem, the properties of a periodic

system can be completely characterized by their behavior in a single Brillouin zone.[34]

2.3.1 Bloch’s theorem

The Bloch’s theorem was developed by Felix Bloch in 1928 to describe electrons inside of a

crystal and it is based in the fact that the Coulomb potential in a crystalline solid is periodic.

Theorem. The solutions of the one-electron Hamiltonian in a periodic potential can be chosen

to have the form of a plane wave times a function with the periodicity of the Bravais lattice

 nk(r) = eik·runk(r) (2.51)
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where r is the position, k is the wavevector known as crystal momentum and

unk(r) = unk(r+R) (2.52)

is a periodic function for all R in the Bravais lattice. Alternatively,

 nk(r+R) = eik·R nk(r) (2.53)

A proof of Bloch’s theorem is included in Appendix A.1. Bloch’s theorem states that the

problem of solving an infinite number of electrons in a crystal becomes a problem of calculating

a finite number of electrons defined by the choice of simulation cell and an, in principle, infinite

number of wavevectors k also known as k-points confined in the first Brillouin zone. Most

properties in a crystal depend upon the integration over the unique volume in k-space known

as the first Brillouin zone. In some cases, such as the total energy, the integration requires a

summation over a modest number of k-points since the electronic properties vary slowly with

respect to k.[39]

2.4 Theory of photoemission

Photoemission was first observed in 1887, when Hertz detected the formation of a spark in a

secondary electric arc when this was illuminated by the spark of a primary arc.[40] In 1905, Ein-

stein provided a qualitatively correct interpretation of photoelectric emission based on quantum

theory[25] by assuming that the energy of a quantum of light was proportional to its frequency;

E = ~! � � (2.54)

where E is kinetic energy, ! the frequency of the light, � is the workfunction of the surface

and ~ is the reduced Planck constant. Later in 1954, Kai Siegbahn developed X-Ray photoe-
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mission spectroscopy (XPS) as a characterisation technique based on the photoelectric e↵ect.

Subsequently ultraviolet photoemission spectroscopy and detectors have been developed to the

point of being able to determine uniquely all the electron quantum numbers in, for example,

spin-resolved angle resolved photoemission spectroscopy (SR-ARPES). Due to the short mean

free path of the photoemitted electrons, photoemission measures the near surface electronic

structure. The applications of photoemission in the characterisation of materials included the

study of interfaces, surface chemistry, topological materials, thin films and coatings among

many others. Photoemission based devices have also been successfully applied in photocat-

alysts and photocathodes.[41, 42] Photoemission can also be used to provide relatively well

characterised electron pulses by irradiating a surface with a pulse laser source. It is therefore

used for the generation of free electrons for particle accelerators.[43, 44]

2.4.1 One-electron approximations

In the early stages, the photoemission process was viewed as a complicated many-body process.

It was not until Berlung and Spicer provided a simplified description in terms of Landau quasi-

particles when the first successful qualitative model of photoemission, known as the three-step

model, was developed.[45] In this model, the photoemission process is separated into three

independent processes.

– In the first step, electrons are excited from the valence band to the conduction band. The

final electron state is described as a Bloch state;

 j(r) = eik·ru(r) (2.55)

– In the second step, electrons in the conduction band travel to the surface.

– In the last step, electrons escape from the surface.

Later, Mahan, Pendry and others, developed the one-step model in which electrons in the

valence band are directly excited to a final state matching a freely propagating electron outside
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the surface and a damped part that decays into the solid known as time-reverse low energy

electron di↵raction (LEED) state.[46, 47] In electron di↵raction, the space is divided into the

vacuum region that contains the transmitted plane waves and the scattering region. The

solution of the scattering problem consists in constructing a linear combination of the basis

functions  that satisfy the Schrödinger equation in the scattering region and matches the

function and derivatives of the plane wave representation in the vacuum region. Therefore, a

Laue representation of the LEED state is represented as,[48]

�LEED(rk, z) =
X

Gk

�Gk(z)e
[i(kk+Gk)rk] (2.56)

In recent approximations to the one-step model, the final electron state is simplified as a

planewave[49, 50]

 j(r) = eik·r (2.57)

However, implicit in the one-step model is that the evanescent decay of the planewave into the

material can be used to model the complex e↵ects of inelastic scatterings. Recent studies have

suggested that a more complete model is required.[51, 52]

In order to mimic the escape length of the photoemitted electrons, the plane-wave final state

has been modified by an exponential damping inside the crystal, where the vacuum region is

treated by a pure planewave while the region inside the material, the planewave is exponentially

damped;[53, 54]

| fi =

8
>><

>>:

eik·re�(z�z0) z < z0

eik·r z � z0

(2.58)

A schematic representation of both three-step and one-step photoemission models is shown in

Fig. 2.2.
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Figure 2.2: In the left, schematic representation of the three-step photoemission model. Step 1:
Absorption of photons and excitation of electrons from the valence band to final state. Step 2:
Excited electrons di↵use inside the material. Step 3: Electrons with energies higher than the
surface barrier escape from the material. In the right, schematic representation of the one-step
photoemission model.

In both models, the photoemission intensities are proportional to the Fermi’s golden rule defined

as

�i!j =
2⇡

~ |h j |H
0
| ii|

2 �[E(j,k)� E(i,k)� ~!] (2.59)

where E is the electronic state eigenvalue, i and j are the indices for the initial and final state

respectively, k is the wavevector of the electron wavefunction, |h j |H 0
| ii|

2 is the photoemission

matrix element and the Dirac delta function �[E(j,k, s) � E(i,k, s) � ~!] ensure the energy

conservation in the photoemission process.

The three-step model facilitates a layer decomposed view of the photoemission process and thus

explicit models of inelastic losses and analysis of the contributions from the detailed chemistry

of the surfaces. Moreover, the explicit modelling of excitation into near surface states that sub-

sequently propagate to the surface before emission has been shown to be successful in describing

the photoemission response time.[55, 56] Depending on the details of the implementation may

fail to describe excitation into outgoing propagating evanescent waves in the band gap of the

surface which the one-step model has proven to correctly describe.[57]
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2.4.2 Many-body perturbation approximation

The originals three-step and one-step models view the photoemission process as a single-particle

problem in which a single electron is removed from its binding environment and its spectral and

angular distribution are measured outside of the material. However, the one-electron spectra

describe excitations that do not necessarily have a quasi-particle-like character when several

particles or even collective modes may mix into the excitations and thus a↵ect the photoemission

process. The many-body nature of the photoemission process derives from the fact that, up to

some degree, any property of a real system of particles is ruled by the interaction between the

particles themselves.[58] The di�culty of dealing with many-body problems is very challenging

and, in some cases, neglecting the interaction between particles of the system is able to produce

good results. The many-body photoemission intensity is defined as

I(k,!) /
X

i,j

A(k,!)|h j|H
0
| ii|

2 (2.60)

where |h j|H 0
| ii|

2 is the photoemission matrix element and A(k,!) is the one-electron removal

spectral function.

In recent years, the development in many-body approximations in photoemission theory based

on Green’s functions has become a popular approximation to solve the complicated many-body

problem.[58, 59] In these approximations, the photoemission process is viewed as a dynamical

process in which the incoming photon perturb the particles in the system and thus changing

its energy. The spectral function A in Eq. 2.60 is defined as

A(k,!) =
1

⇡
ImG(k,!) =

1

⇡

⌃00(k,!)

[✏0k � ! � ⌃0(k,!)]2 + ⌃00(k,!)
(2.61)

Here G(k,!) is the Green’s function, ✏0k is the dispersion associated with the electronic structure

of the material, ⌃0 and ⌃00 are the real and imaginary part of the self-energy
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⌃(k,!) = ⌃0(k,!) + i⌃00(k,!) (2.62)

The self-energy ⌃(k,!) describes the dynamics of this interaction as a time dependent external

e↵ective potential and therefore energy dependent upon Fourier transform. A useful aspect of

the one-particle Green’s function is that it retains the one-particle picture while describing the

many-body interactions of a single particle in the self-energy.

The most popular approximation to the self-energy is the so-called GW approximation[60, 61]

⌃GW (1, 2) = iG(1, 2)W (2, 1+) (2.63)

where G is the one-particle Green’s function andW is the screened Coulomb potential expressed

as

W (1, 2) = ⌫(1, 2) +

Z
d34⌫(1, 3)�(3, 4)⌫(4, 2) (2.64)

Here ⌫ is the bare Coulomb potential and � is the interacting susceptibility. In this expression,

⌫�⌫ represents the field created in (2) by the charge rearrangement of the N-electron system by

a charge added in (1). In order to account for the attractive electron-hole interaction (exciton

e↵ects) in a screened Coulomb and Pauli repulsion environment in optical excitations, the GW

approximation is combined with the Bethe-Salpeter equation (BSE).[62, 63]

2.4.3 Time-dependent density functional theory

Time-dependent density functional theory (TDDFT) is an extension of the DFT that study

the properties of many-body systems in the presence of time-dependent potentials.[64] The

equivalent of the Hohenberg-Kohn theorems in TDDFT is the Runge-Gross theorem which

explains that the density of a time-dependent system determines the time-dependent potential,
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which in turn determines the time-dependent wavefunction. The time-dependent Kohn-Sham

equation is


�
1

2
r

2 + V [⇢](r, t)

�
 i(r, t) = i

@ i(r, t)

@t
(2.65)

where ⇢ is the time-dependent density

⇢(r, t) =
NX

i=1

| i(r, t)|
2 (2.66)

and the e↵ective potential V [⇢](r, t) is

V [⇢](r, t) = Vext(r, t)

Z
dr0

n(r0, t)

|r0 � r|
+ VXC(r, t) (2.67)

Here, Vext(r, t) is the external potential, the second term is the Hartree potential and VXC(r, t) is

the exchange and correlation potential. The dynamics of the ionization process in photoemission

can be described by a time-dependent Hamiltonian that is expressed as a combination two

di↵erent Hamiltonians localized in adjacent spatial regions A and B.[65]

H(r, t) =

8
>><

>>:

HA(r, t) = HKS(r, t) r 2 A

HB(r, t) = HV (r, t)r =
1
2

h
�ir�

A(t)
c

i2
r 2 B

(2.68)

In A, the electrons can be described with the Kohn-Sham (KS) Hamiltonian while in B, the

electrons follow an exactly solvable Hamiltonian that describe the time evolution of free elec-

trons in an external field A(t). The wavefunction  B
i (r, t) in B are described as plane waves

with an additional time-dependent phase �(k, t);

 B
i (r, t) = 2⇡�3/2

Z
d3kci(k)e

�i�(k,t)eik·r (2.69)
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Similar to the time-independent counterpart, the accuracy of TDDFT depends on the approx-

imation of the exchange and correlation.

2.4.4 Outlook

The development of the GW-BSE and TDDFT approximations has made significant improve-

ments in the description of the photoemission process compared to standard Hartree-Fock or

DFT. In addition, the GW-BSE and TDDFT approximations can be directly compared in the

so-called Casida’s formulation, in which the GW-BSE formalism present the same eigenstate

representation in terms of single-electron transitions between occupied and virtual states. The

GW-BSE and TDDFT formalisms usually agree well for excitations where the electron and the

hole are strongly overlap spatially (Frenkel excitations). The main disadvantage of standard

TDDFT is that it fails to described excitations where the electron and the hole left behind

are spatially separated such as in charge transfer excitations or in non-local excitations to

high-energy delocalized weakly bound states (Rydberg excitations).[62, 63]

In terms of applicability, both GW-BSE and TDDFT has been reported to be performed on

systems containing hundreds to a few thousands of atoms using tens of thousands of computer

cores.[66, 67] Both approximations has a O(N4) computational cost, where N is the system

size, that limits its applicability to the study of complex systems or the screening of a large

number of materials. For the study of a large number of materials, complex materials such as

heterostructures or chemically modified surfaces, impurities, defects, etc., in a relatively short

time, the O(N3) computational cost of standard DFT is a much more appealing approximation.

Moreover, the latest improvements in DFT has led to the development of linear scaling DFT

that is able to compute thousands of atoms with a O(N) computational cost.[68]
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Methodology

3.1 Materials modelling using the Density Functional

Theory

Density Functional Theory (DFT) calculations were carried out using CASTEP 18.1.[69] A

plane wave basis set was used with ultra-soft pseudopotentials generated ‘on-the-fly’ by CASTEP

to approximate the properties of the core electrons. Electronic exchange and correlation were

computed in the generalised gradient approximation (GGA) using the PBEsol functional.[70]

This functional was chosen because it was designed for solid state and surface systems and was

found to reproduce the experimental lattice constants and surface energies. Electronic optimi-

sation was terminated when three consecutive total energy calculations were within 10�8 eV

per atom.

3.1.1 Planewave basis set

As described by the Bloch’s theorem in Section 2.3, the natural way to described a periodic

system is the use of a plane wave basis set. The wavefunction  n(r) of an electron in band n

is expressed as a combination of a planewave part eik·r and a periodic cell part unk(r):

33
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 n(r) = un(r)e
ikr (3.1)

where the planewave wavevector k is confined to the first Brillouin zone and the periodic part

un(r) has the same periodicity as the lattice

un(r) = un(r+R) (3.2)

where R is a lattice vector. In a planewave basis set, the periodic part of the wavefunction is

described as a linear combination of planewaves

un(r) =
X

G

cn,Ge
iGr (3.3)

where cn,G are the plane wave coe�cients and G are the reciprocal lattice vectors that satisfy

the relation

G ·R = 2⇡m (3.4)

where m is an integer. The wavefunction can be rewritten as

 nk(r) =
X

G

cn,(k+G)e
i(k+G)·r (3.5)

In an infinite crystal, the infinite number of electrons require an infinite number of k points as

each electron occupies a defined k. In practice, the wavefunction varies slowly for small changes

of k and only a sample of k points is required to converged the electronic properties. In this

work, k point sampling is using the Monkhorst-Pack (MP) [39] scheme. In the MP scheme,

the k points are chosen from a grid of points of dimensions kx ⇥ ky ⇥ kz that spaced evenly the

first Brillouin zone. In addition, the point group symmetries of the lattice are used to reduce

the number of k point as no k points are related by symmetry.
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The sum over G also requires an infinite summation in order to fully describe the wavefunction.

In practice, the coe�cients cn,k+G will become small for larger |k+G| and a cuto↵ point is

defined as the planewave kinetic energy cuto↵

Ecut �
1

2
|k+G|

2 (3.6)

In this work, the cuto↵ energies and MP grid for the di↵erent system are converged until the

change in total energy is on the order of 10�5 eV/atom.

3.1.2 Pseudopotentials

Planewaves basis set requires the use of pseudopotentials that replace the e↵ect of the core

electrons and the nuclei with an e↵ective potential instead of the Coulombic potential term

normally found in the Kohn-Sham equation. Electrons in the vicinity of the nuclei experience

a steep Coulombic potential, so that the wavefunctions vary rapidly and required, for a correct

description, a computationally expensive large number of planewaves.

The pseudopotential is an e↵ective potential designed to replace the all-electron potential so

that the core electrons are removed and the valence electrons are described using pseudo-

wavefunctions. In the region outside a specified core radius, the pseudo-wavefunction is identical

to the all-electron wavefunction while in the region inside the specified core radius, as opposed

to the all-electron wavefunction, the pseudo-wavefunction has ideally no nodes, reducing the

number of planewaves requires for the calculation. The general form of a pseudopotential is

Vps =
X

|lmiVlhlm| (3.7)

where |lmi are the spherical harmonics and Vl is the pseudopotential for angular momentum l.

When the pseudopotential uses the same potential for each angular momentum it is called local

pseudopotential, otherwise it is known as non-local pseudopotential. The two most widely used
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non-local pseudopotential schemes are the norm-conserving scheme[71, 72] and the ultra-soft

pseudopotentials[73].

The pseudopotentials generated ‘on-the-fly ’ by the CASTEP code used in this work are based

on the ultra-soft pseudopotential approach developed by Vanderbilt.[73] The name ultra-soft is

a reference to the number of planewaves required to perform a calculation. In the case of ultra-

soft pseudopotentials, calculations can be performed with the lowest possible cuto↵ energy for

the plane-wave basis set. In most cases, a high cuto↵ energy is only required when there are

tightly bound orbitals that have a relevant fraction of their weight inside the core region.

In the ultra-soft pseudopotential scheme, the pseudo-wavefunctions |�ii are eigenvectors of the

Hamiltonian H

H = T + Vloc + Vnl + Vxc (3.8)

where T is the kinetic term, Vloc is the local potential, Vnl is the non-local potential and Vxc

contains the exchange and correlation terms. The non-local potential is defined as

Vnl =
X

i,j

Di,j|�iih�j| (3.9)

where the � projectors and coe�cients Di,j are unique for each atomic species. The coe�cients

Di,j are calculated as

Di,j = Bij + ✏jQij (3.10)

where Bij is a matrix defined as

Bij = h�i|�ji (3.11)

and Qij satisfy the norm-conserving property
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Qij = h i| iiR � h�i|�iiR (3.12)

where �i is a pseudo-wavefunction constructed to replace the all electron wavefunction  i, so

that it join smoothly to  i at the specified cuto↵ radii rc. A local (vanish at and beyond R)

wavefunctions �i is then defined as

|�ii = (✏i � T � Vloc)|�ii (3.13)

The set of local wavefunctions �j is used to build the matrix Bij and to define the �i projectors

as

|�ii =
X

j

(B�1
ji |�ji (3.14)

3.1.3 Exchange and correlation functional: (PBEsol)

Density functional theory relies on good approximations of the exchange and correlation func-

tional. In this work, the Perdew-Burke-Ernzerhof functional for solids (PBEsol) version of the

generalized gradient approximation (GGA) is used to calculate the exchange and correlation.[70]

PBEsol is a revised version of the Perdew-Burke-Ernzerhof (PBE) functional that improves the

equilibrium properties of densely-packed solids and their surfaces.

In PBEsol, the e↵ective gradient coe�cient for exchange µ in Eq. 2.41 is µ ⇡ 2µGE, where

µGE = 10/81 ⇡ 0.1235. This value is calculate so that it can converge the second-order

gradient expansion for exchange for valence electrons in densely-packed solids s . 1 (or s . 2

in core-valence regions of alkali atoms) and the Laplacian of the density is also . 1.

For the correlation energy, the authors of the PBEsol functional sets the coe�cient � = 0.046 in

Eq. 2.40 to best fit the results of a set of calculations using the Tao-Perdew-Staroverov-Scuseria

(TPSS) meta-GGA functional.[35, 70]
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3.1.4 Geometry optimisation

The purpose of a geometry optimisation is to find the optimal structure for which the energy

and forces are minimised as a function of the atomic position. The general steps of a geometry

optimisation are:

1. Set the coordinates

2. Minimise the energy

3. Calculate the forces F using the Hellmann-Feynman theorem

F = �h
dE

dR
i = �h |

dH

dR
| i (3.15)

where H is a Hamiltonian operator,  is an eigenfunction of the Hamiltonian operator,

E is the energy of the state and R is the position of the atoms.

4. Calculate the Hessian

Hf =

2

66666664

@2f
@x2

1

@2f
@x1x2

· · ·
@2f

@x1xn

@2f
@x2x1

@2f
@x2
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· · ·

@2f
@x2xn

...
...

. . .
...

@2f
@xnx1

@2f
@xnx2

· · ·
@2f
@x2

n

3

77777775

(3.16)

5. Apply an optimization algorithm that calculates the step towards the minimum

6. Change the coordinates according to the step and update the Hessian

7. Repeat the first step until a the defined convergence criteria is reached.

The common approach to the geometry optimisation problem is to solve with an iterative

method through numerical optimisation algorithms. In this work, the quasi-Newtonian method

known as the Broyden-Fletcher-Goldfarb-Shannon (BFGS) algorithm is used for the geometry

optimisation. The main advantage of quasi-Newtonian methods is that the actual Hessian is
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not required to be calculated directly, which can be computationally expensive. Instead, the

Hessian is approximated with a matrix that is updated in each iteration using information

from the previous step. In order to take care of the symmetry requirements of the Hessian, this

matrix is defined to be positive definite since the function to optimise is a convex function. A

description of the BFGS algorithm is included in Appendix A.2. The convergence criteria for

the geometry optimisation in this work are 0.001�A for displacement distance and 0.05 eV/�A

for forces on atoms.

3.1.5 Surface simulation: slab model

In solid state simulations, a periodic boundary condition is imposed so that the simulation cell

repeats in space infinitely. However, in nature, solids are finite in size where surfaces are the

point of contact of a solid and its environment. Many interesting properties and processes take

place at the interface between the surface of a material and its environment. Moreover, the

change of coordination of the atoms at the surface can induce a change in properties compared

to the atoms in the bulk.

Surface simulations can be approximated with a two-dimensional film formed by a finite number

of atomic layers parallel to the crystalline plane of interest, which is known as the slab model. In

CASTEP, the 2D periodic slab is, for computational convenience, represented as a 3D periodic

series of stacked slabs of solid material separated by vacuum gaps (the so-called 3D periodic

slab model) as shown in Fig. 3.1.

The key parameters governing the extent to which this model represents the free surface of

the bulk crystal are the thickness of the slab and the size of the vacuum gap. In this work,

the thickness of the slabs was found by converging their surface energies to within 10�2 J/m2.

Terminations were chosen to ensure the slabs were symmetrical. The geometry optimisation of

the surface is imposed to relaxed ideal surfaces (the geometrical arrangement of the atoms at

the surface is the same as the bulk termination). The size of the vacuum gap was increased

until the charge density was close to zero in the middle of the gap, ensuring no interaction
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Figure 3.1: Representation of a supercell slab with a thickness of 16 atoms. The atoms in red
indicate the atoms at the surface of the slab. The empty space between the red atoms is the
vacuum gap.

between adjacent surfaces. Thickness of the slabs was increased until the separation of the

central layers reproduced those of the bulk material.

Surface energy

In surface simulations, the surface energy � is defined as the energy required to form a surface

from the bulk and it is given by

� =
Eslab � nEbulk

2A
(3.17)

where Eslab is the energy of a slab of n layers, Ebulk is the bulk energy per atom, and A denotes

the 2D surface area of the surface unit cell.

Workfunction

The workfunction (WF or �) is defined as the minimum energy energy required to extract an

electron from a particular surface and it is estimated from the DFT calculation as the di↵erence

between the Fermi energy EF and the average potential in the centre of the vacuum region Ēvac

of the 3D periodic cell,
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� = Ēvac � EF (3.18)

as shown in Fig. 3.2.

E

z

Evac

EF
φ

Figure 3.2: Potential energy as a function of the distance in the slab model. The red line
indicates the Fermi energy EF , the blue line indicate the vacuum potential Evac and the black
arrow indicate the workfunction �.

3.1.6 Density of states

Many electronic properties such as optical, transport, spectral, etc., require the summation

over the di↵erent electronic states in a solid.[74] For this purpose, the density of states (DOS)

has been defined as the number of states N(E) in a unit interval �(E�Ei) per unit volume V :

D(E) =
N(E)

V
=

1

V

NX

i=1

�(E � Ei) (3.19)

From an electronic structure calculation, the DOS can be calculated by integrating the band

structure E(k) over the Brillouin zone (BZ):

D(E) =

Z

BZ

�(E � E(k))
d3k

(2⇡)3
(3.20)

In this work, Brillouin zone integration are done using the OptaDOS code.[75] At the moment

of this work, the Brillouin zone integration methods implemented in OptaDOS are Gaussian
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broadening, adaptive Gaussian broadening and linear extrapolation. Other methods has also

being developed and a brief summary of the methods are described below:

– Broadening: The simplest approximation is the evaluation of the �(E � Ei) using a

Gaussian broadening function:

�(E � E(k)) =
1

�
p
2⇡

e(�
1
2

E�E(k)

�2 ) (3.21)

where � is the root mean square width or standard deviation. In practice, the Gaussian

function requires a very high number of k points in order to achieve convergence.[75]

An improvement of the Gaussian approximation, known as adaptive broadening, has

been developed by Yates et al..[76] In this method, the constant width � in Eq. 3.21 is

substituted by an adaptive function �nk:

�nk = a

����
@Enk

@k

�����k (3.22)

where a is a dimensionless constant and �k ensures that when the separation between k

points tend to zero, the width function ��nk also approaches to zero.

– Interpolation: Another method for the Brillouin zone integration is the tetrahedron

method. This method is based on splitting the volume in n tetrahedron Ti,

D(E) =
nX

i=1

Z

Ti

�(E � E(k))
d3k

(2⇡)3
(3.23)

The DOS integral in Eq. 3.19 can be written as

D(E) =

Z

S

dS

rkE(k)
(3.24)

where S is a constant surface energy at energy E. Within the tetrahedrons, the eigenvalues

E(k) are interpolated by a linear function [74] Higher order interpolation has also been

developed.[75]
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– Extrapolation : The Brillouin zone is subdivide into polyhedrons for which the eigen-

values at the corners are extrapolated using the k · p method.[77]

The DOS can be extended to include the contribution of each atomic orbital by projecting

the delocalised Bloch functions onto localised representations such as atomic orbitals (AO) and

Wannier functions.[78] This projected density of states (PDOS) is defined as

PDOS(E) =

Z

BZ

�(E � E(k))W (n,k, µ)
d3k

(2⇡)3
(3.25)

where W (n,k, µ) is calculated in CASTEP as

W (n,k, µ) =
X

⌫

T ⇤
µn(k)Tµn(k)S⌫µ(k)

�1 (3.26)

where Tµn(k) = h n(k) | �µ(k)i are the overlap matrices between linear combination of atomic

orbitals (LCAO) basis �µ(k) and planewave state  n(k), and S⌫µ(k) = h�⌫(k) | �µ(k)i is the

overlap matrices of the LCAO basis.[79] In CASTEP, the LCAO basis set is generated from the

pseudopotential used in the electronic structure calculation. The pseudo-atomic orbitals are

calculated by solving the lowest energy eigenstates of the pseudopotential in a spherical Bessel

basis set.[80]

In this work, integration over the Brillouin zone has been tested for the following methods:

Gaussian broadening, adaptive broadening and linear extrapolative. It is found that, for a

su�ciently large density of k points, the three methods converge to the same results.

3.1.7 Wul↵ construction

The principles of the Wul↵ construction were defined in 1874 by J. Willard Gibbs, who stated

that the shape of a material is determined by the minimisation of the total surface energy.[81]

Later in 1901, Georg Wul↵ formalised a methodology to predict the equilibrium shape based

on Gibbs statement:
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1. Choose a constant c and a set of Cartesian axes.

2. Starting from the origin O, one draws a plane that is normal to the [hkl] vector and has

a distance dhkl = chkl�hkl from O, where chkl is a constant and �hkl is the surface energy.

3. The process is repeated for all sets of Miller indexes (hkl)

4. The space that lies inside of all these planes defines a polyhedron that correspond to the

equilibrium shape of this material.

The first proof of the Wul↵ construction was done by von Laue in 1943 and since then the

method has been extended to understand the equilibrium of a material with a gas or liquid

phase or the inclusion of lateral strain. In the recent years, the Wul↵ construction is applied to

the prediction of shape of nanoparticles based on quantum mechanical calculations of surface

energies.[81]

In this work, the Wul↵ construction is done using VESTA and it is applied to the evaluation

of the photoemission properties of a polycrystalline Cu photocathode in Section 5.2.6.[82]
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Photoemission model

4.1 Photoemission

The formalism adopted in the photoemission model presented here describes the excitation

spectrum within a quasi-particle model with excitations represented as transitions between en-

ergy level in a band structure of single particle states.[42] The one-particle transition probability

for a photon of frequency ! is defined by the Fermi’s golden rule;

�i!j =
2⇡

~ M(i, j,k, s)�(E(j,k, s)� E(i,k, s)� ~!) (4.1)

where E is the electronic state eigenvalue, i and j are the indices for the initial and final

state respectively, s is the spin index, k is the wavevector of both initial and final electron

wavefunctions, M(i, j,k, s) is the photoemission matrix element and the Dirac delta function

�(E(j,k, s) � E(i,k, s) � ~!) ensures the energy conservation in the photoemission process.

The Dirac delta function can be evaluated using the fixed-width Gaussian broadening, adaptive

Gaussian broadening or linear extrapolative scheme implemented in the OptaDOS code.

The optical matrix element M(i, j,k, s) in Eq. 4.1 describes the transition probability from an

initial eigenstate  i to a final state  j as a result of a weak perturbation H 0 cause by the light

45
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and it is defined as

M(i, j,k, s) = |h j |H
0
| ii|

2 (4.2)

The perturbation due to the light H 0 can be evaluated by calculating the e↵ect of the electro-

magnetic field on the electron (Eq. 4.3).

H 0 =
e

2m0
(p ·A+A · p) +

e2A2

2m0
(4.3)

where p = �i~r is the momentum operator and here A is the polarization vector of the

incoming electromagnetic wave. The A2 term can be neglected under the assumption of a weak

field.[42, 83] The Hamiltonian can be simplified by adopting the Coulomb gauge, r ·A = 0. A

gauge theory is a type of quantum field theory in which the basics physics are invariant under

a certain group of transformations of the field variables. These transformations in a particular

gauge theory impose restrictions on the way in which the field can interact with other fields or

elementary particles. In the Coulomb gauge, the vector potential has no divergence. Therefore,

the perturbation due to the light field is rewritten as

H 0 =
e

2m0
A · p (4.4)

The optical matrix element has been used for the calculation of the optical properties of solids

and this approximation has been widely implemented in DFT codes such as CASTEP, Quantum

Espresso, VASP or CRYSTAL.[69, 84, 85, 86]

4.1.1 Photoemission final state

Within the one-electron photoemission approximation, two distinct photoemission models have

been developed and widely used in previous work for the description of the photoemission
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process.[42] The current implementation generates two distinct optical matrices (Eq. 4.2) where

the final state  j changes according to the photoemission model.

– Three-step photoemission model : The three step model divides the photoemission

process into three steps. In the first step, the ground state electrons are excited into a

final state in the crystal or Bloch state

 j(r) =
X

Cj,Ge
i(k+G)·r (4.5)

Where Cj,G are the planewave coe�cients and G are the reciprocal lattice vectors. In the

second step, the excited Bloch electrons will have a probability to travel to the surface of

the material. Once the electrons reach the surface of the material, in the third step, the

electrons will escape into the vacuum.

– One-step photoemission model : The one step model final state in this work used a

similar damped final state plane wave approximation described in previous works;[53, 54]

 j(r) = eik·re�
z

�(!)cos(✓(i,j,k)) (4.6)

where �(!) takes into account for the scattering mechanisms inside the crystal and

✓(i, j,k) consider the angular decay of the wavefunction inside of the material.

4.1.2 Atomic projection

It is possible to project the energy bands of a periodic solid onto localised atom centred or-

bitals and therefore to describe the atomic contributions to the photoemission process.[78] This

is particularly convenient as it allows, for instance, the contributions from the excitation in

each sub-surface layer to be computed. The atomic projection W (i, j,k, µ, s) used in this pho-

toemission model is the same that CASTEP used to computed the projected density of states

as described in Section 3.1.6.
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W (i, j,k, µ, s) =
X

⌫

T ⇤
µn(k)Tµn(k)S⌫µ(k)

�1 (4.7)

where µ is the atomic index.

4.1.3 Temperature

The original formulation of the Kohn-Sham DFT describes a system of interacting particles in

an external potential at zero temperature. Later, Mermin extended this formalism for a finite

temperature T > 0.[87] In the current implementation, the finite temperature formalism of

Mermin is adopted by introducing a Fermi-Dirac distribution in which the state occupancy is

n(i,k, T, s) =
1

e(EF�Ei(k,s))/kBT + 1
(4.8)

where EF is the Fermi energy and kB is the Boltzmann constant. The Fermi-Dirac distribution

of the electron population is schematically represented in Fig. 4.1

Figure 4.1: Schematic represenation of the Fermi-Dirac distribution of the electronic population
at the Fermi energy at di↵erent temperatures T .

Under this approximation, the photoemission model presented in this work accounts for the

changes in the population of the electronic states near the Fermi energy as a consequence of the

electronic temperature. At a su�ciently high temperature, the photoemission model accounts

for the emission of electrons from electronic states with an energy higher than the Fermi energy.
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4.1.4 Optical properties: Light decay

The interaction of light with a material is classically described by the Maxwell’s equations[88];

@2E(x, t)

@x2
=

✏

c20

@2E(x, t)

@t2
(4.9)

where c0 is the velocity of light in the medium ✏ is the permittivity of the medium and E is the

classical description of an electromagnetic wave defined as

E = E0e
i(kx�!t) (4.10)

From the Maxwell equation, the propagation of an electromagnetic wave in a homogeneous

medium in the frequency domain can be represented by the complex refractive index n⇤;

n⇤ = n+ ik (4.11)

where k is the extinction coe�cient. Alternatively, it can be represented by the complex

dielectric function

✏ = ✏1 + i✏2 (4.12)

The dielectric function ✏(!) describes the response of a system to an alternating electric field

such as propagating electromagnetic waves. The imaginary part of the dielectric function ✏2 can

be calculated from a bandstructure calculation using the random phase approximation (RPA).

In the RPA, the total electric potential contribution to the dielectric potential is assumed to

average out and electrons are assumed to respond only to the total electric potential.[34, 89]

✏2(!, µ) =
⇡e2

✏0⌦

occX

i

unoccX

j

2X

s=1

Z

BZ

M(i, j,k, s)IPJDOS(!,k, µ, s)
dk

(2⇡)3
(4.13)
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where M(i, j,k, s) is the square of the optical matrix elements in Eq. 4.2, ⌦ is the volume of

the slab[90] and IPJDOS(!,k, µ, s) is the projected joint density of states (PJDOS) expressed

as

IPJDOS(!,k, µ, s) = �[E(j,k, s)� E(i,k, s)� ~!]W (i, j,k, µ, s) (4.14)

The PJDOS is a joint density of states projected onto a set of pseudoatomic orbitals as described

in Eq. 4.7. This projection decompose the photoemission process atom-by-atom, which enables

the analysis of the local optical and transport properties with atomic resolution.

Known the imaginary part of the dielectric function ✏2, the real part ✏1 is obtained using the

Kramers-Kronig relation.[91, 92]

✏1(!, µ) = 1 +
2

⇡

Z 1

0

!0✏2(!0, µ)

!02 � !2
d!0 (4.15)

Optical properties such as absorption and reflection can be calculated from the dielectric

function.[75] The absorption coe�cient, which describes the probability of a photon to be

absorbed when it passes through a material, is computed as

↵(!, µ) =
2k(!, µ)!

c
(4.16)

The reflective index, which is a change in direction of the light so that the light returns to the

medium from which it originated, is computed as

R(!, µ) =
[n(!, µ)� 1]2 + k(!, µ)2

[n(!, µ) + 1]2 + k(!, µ)2
(4.17)

where n and k are obtained from the dielectric function as

n(!, µ) =
1

2
[✏1(!, µ)

2 + ✏2(!, µ)
2]

1
2 +

1

2
✏1(!, µ) (4.18)
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and

k(!, µ) =
1

2
[✏1(!, µ)

2 + ✏2(!, µ)
2]

1
2 �

1

2
✏1(!, µ) (4.19)

Finally, the intensity of the light at each atom µ of the surface expressed as

I(!, µ) = I(!, µ� 1)e�↵(!,µ)t(µ)
�R(!, µ) (4.20)

where t(µ) is the length of the light path. The light attenuation as a consequence of the

absorption and reflection processes are depicted in Fig. 4.2.

Figure 4.2: Schematic representation of the light attenuation as it travels through a material.

4.1.5 Electron transport

Electrons travelling through a material experience di↵erent kinds of scattering events that can

be classified as elastic, when the electron loses energy, and inelastic, when the electron does

not lose energy.[93] The physics behind these scattering events are very diverse. Electrons can

interact with vibrations of the crystal lattice (phonons), collectively excited (plasmons), holes

(excitons), lose energy in form of radiation, etc. The inelastic mean-free path (IMFP) theory

is generally used to described the transport to the surface and it is defined as the average

distance that an electron can travel before encountering an inelastic scattering event. Inelastic

scatterings can be viewed as independent events that obey Poisson statistics,[94]
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Pn =
In
I0

=

✓
1

n!

◆✓
l

�

◆n

e(�
l

�
) (4.21)

where In is the number of electrons reaching the surface, I0 is the number of initial electrons,

n is the number of scattering events, l is the distance travelled by the electrons and � is the

IMFP. In the general IMFP theory, electrons do not encounter any scattering event (n = 0)

and therefore, the probability of an electron reaching the surface is defined by

In
I0

= e(�
l

�
) (4.22)

Surface sensitive techniques such as X-ray photoelectron spectroscopy (XPS), Auger electron

spectroscopy (AES) or low-energy electron di↵raction (LEED) among others are based on the

fact that, in general, electrons can only travel very short distances (in the order of Å) inside a

material before su↵ering an inelastic scattering event.[95, 96]

In the photoemission model presented here, the inelastic scattering rate is used for the electron

transport in the three step model and the escape probability of a free electron as it travels

through a material in the one step model. The assumption that once an electron su↵ers an

inelastic scattering event the electron will not contribute to the QE is adopted in this work.

This results in an escape function for the i ! j excitation as a function of the escape depth;[94]

esc(!, i, j,k, µ, s) = e�
d(µ)

�(!)cos(✓(i,j,k,s)) (4.23)

The angle ✓(i, j,k) indicates that electrons that travel with a higher angle with respect to the

surface normal travel a longer distance inside of the material as shown in Fig. 4.3.

This angle is calculated as

✓(i, j,k, s) = acos
Ek(i,k, s)

EK(j,k, s)
(4.24)
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Figure 4.3: Schematic representation of the change in the electron (green) travel distance as a
function of the escape angle ✓.

where Ek(i,k) is the transverse energy and EK(j,k) is the final state kinetic energy.

4.1.6 Parallel momentum conservation

The momentum of photons can be considered negligible compared to the momentum of the

surface electrons and therefore, the electron momentum is conserved upon excitation. In ad-

dition, since electrons can only travel very short distances inside of a material, photoemission

is considered as a surface phenomenon. At the surface of a crystal, the periodic transverse

symmetry perpendicular to the surface is broken and so the pseudo-momentum perpendicular

to the surface is not a conserved quantity. The parallel momentum conservation is described

by

⇥0(k?) =

8
>><

>>:

1, k?(i, j, s) � 0

�((Ev � E(j,k), s), k?(i, j, s) < 0

(4.25)

where Ev is the vacuum level and

k?(i, j,k, s) =
2m

~2 (E(j,k, s)� Ev)� kk(i,k, s)
2 (4.26)

Here kk(i,k, s) is the electron parallel momentum inside the crystal.

⇥0 is a modified version of the Heaviside step function ⇥ in which 0 is replaced by a Dirac
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delta function �((Ev�E(j,k), s) evaluated with a Gaussian function. The Dirac delta function

account for finite temperature broadening of electrons that do not strictly fulfill the parallel

momentum conservation.

�(Ev � E(j,k, s)) =
1

�
p
2⇡

e(�
1
2

Ev�E(j,k,s)

�2 ) (4.27)

where the width � can be used to approximate external parameters such as the electron tem-

perature.

4.1.7 Quantum e�ciency and mean transverse energy

The photoemission model developed in this work computes the QE from first principle simula-

tions of surfaces by considering the optical transition probability between an initial state and

a final state �i!j as described by the Fermi’s Golden rule (Eq. 4.1). The model decompose the

QE by considering the contribution of each of the atomic constituents W (i, j,k, µ, s) individu-

ally, which is obtained from a projection onto atomic orbitals (Eq. 4.7). The projection onto

atomic orbitals allows the study of the decay of the light as it travels through a material I(!, µ)

and the scattering e↵ects that a photoexcited electron undergoes in the photoemission process

esc(!, i,k, µ, s) as described by (Eq. 4.20) and (Eq. 4.23) respectively. Temperature e↵ects

on the electronic population n(i, j, T, s) are described by including a Fermi-Dirac population

function as described in (Eq. 4.8). Lastly, the model considers the parallel momentum conser-

vation in the photoemission process ⇥0(k?) with a modified Heaviside step function described

by (Eq. 4.25).

Therefore, the QE, which is defined here as the number of electrons emitted per incident photon,

is computed as,

QE(!,k, µ, T, s) =
X

i,j

�i!jW (i, j,k, µ, s)n(i, j, T, s)I(!, µ)esc(!, i,k, µ, s)⇥0(k?)A
�1 (4.28)
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where A is the surface area of the simulation cell. The indices i and j indicates the initial and

final state respectively, k is a k point in the Brillouin zone, µ is the atomic index, T is the

temperature and s is the spin state.

Bulk emission

The accuracy of the computed surface photoemission can be limited by the computational

resources. First principle simulation of surfaces is typically performed using the slab model. In

this model, a 2D periodic slab of material of finite thickness in the third dimension (a periodic

slab) separated from the repetitive images by a vacuum region is used to model a semi-infinite

surface. The properties of the surface simulated using the slab model usually converges quickly

with respect to the slab thickness and so only a small finite number of atomic layers is required.

Sun and Ceder developed an e�cient scheme for the creation and convergence of surface slabs

that was able to converge the surface energy with slabs as thin as seven atomic layers.[97]

However, photoemitted electrons can be emitted from layers deeper inside the material, in the

orders of nanometers (tens to hundreds of atomic layers).[98]

Figure 4.4: Schematic representation of simulation slab. The red box highlight the atoms at
the centre of the slab that are considered as bulk atoms.

Since the electronic properties of the slab in a suitable construction of a surface converges with

respect to the slab thickness for a small finite number of atomic layers, the centre of the slab

approximates as periodic bulk states. It is therefore possible to compute the photoemission

e�ciently from layers many nanometers from the surface by replicating bulk layers to simulate

the photoemission from a slab model of arbirtrary thickness. In the current implementation,

the contribution of the deeper atomic layers to the photoemission process is approximated by

the repetition of the atomic layer at the centre of the slab as depicted in Fig. 4.4. The QE

contribution of the bulk states is expressed as
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QEbulk(!, T ) =
⌧X

µ=N

QE(!, µ, T ) (4.29)

where N is the index of the atomic layer at the centre of the slab and

⌧ =
n�(!)

d(µ)
(4.30)

⌧ defines the number of atomic layers in the centre of the slab that are repeated in the pho-

toemission simulation, n is an integer number and �(!) is the IMFP constant and d(µ) is the

thickness of the atomic layer. n�(!) represents the depth of the photoemission simulation. In

this work, n = 10 defines a cuto↵ in which the electrons excited from the deepest layer that

has a probability of reaching the surface higher than 10�5 are considered to contribute to the

bulk emission.

Total quantum e�ciency and mean transverse energy

Therefore, the total quantum e�ciency QEtot(!, T ) is defined here as the summation of the

simulated surface atoms QE (Eq. 4.28) and the replicated QE from the centre of the simulation

slab, labelled as ”bulk emission” (Eq. 4.29).

QEtot(!, T ) =
NX

µ

QE(!, µ, T ) +QEbulk(!, T ) (4.31)

where µ is the atomic index and N is the total number of atoms in the simulation.

The transverse energy in the photoemission process can be obtained from the initial electron

momentum along the surface of the simulated slab kk. For a particular photoemitted elec-

tron, its contribution to the mean transverse energy (MTE) is evaluated by its QE. Therefore,

an electron with a particular initial transverse momentum with a relatively large QE has a

relatively large contribution to the MTE. The MTE is calculated as
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MTE(!, T ) =

Z

BZ

P2
s=1

PN
µ QE(!,k, µ, T, s) ~2

me

kk
2

QEtot(!, T )

dk

8⇡3
(4.32)

where QE(!,k, µ, T, s) is the QE of a particular electron with a particular transverse momen-

tum kk and QEtot(!, T ) is the total QE.

4.1.8 Simulation of the ARPES spectra

From the photoemission simulations, ARPES spectra can be generated by integrating the QE

for a selected polar ✓ and azimuthal ' angles

✓(i, j,k, s) = cos�1 Ek(i,k, s)

EK(j,k, s)
'(i, j,k, s) = atan

Ex(i,k, s)

Ey(i,k, s)
(4.33)

where Ek is the kinetic energy parallel to the surface, EK is the total final kinetic energy of the

electron, Ex and Ey are the corresponding kinetic energy in the x and y directions.

4.2 Photo-Field emission

In applications that involves photoemission such as the generation of free electrons for par-

ticle accelerators, an external electric field that enhances the photoemission properties of the

photocathode is commonly used. The e↵ect of this external electric field is simulated by com-

bining the photoemission model developed in this work with an approximation based on the

Fowler-Nordheim (FN) theory of field emission.[99] The external electric field is assumed to

be both uniform and to only modify the vacuum potential barrier, the electron distribution

is in thermodynamic equilibrium and obeys Fermi-Dirac statistics and the emission surface is

flat and planar with a constant uniform local work function. The vacuum potential in the FN

theory in this current implementation is described using the Schottky-Nordheim barrier BSN ,
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BSN(z) = �� eFz �
e2

16⇡✏0z
(4.34)

where e is the electron charge, ✏0 is the vacuum permittivity, � is the potential barrier, F is

the external electric field and z is the distance from the surface. The surface-vacuum potential

barrier BSN can be plotted as a function of the distance from the surface as shown in Fig. 4.5

for di↵erent external electric fields.
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Figure 4.5: Surface-vacuum potential barrier BSN for di↵erent external electric fields for a
initial � = 4.56 eV. Here z = 0 corresponds to the surface of the material.

The e↵ective workfunction �eff is then calculated as

�eff = �� eFzeff �
e2

16⇡✏0zeff
(4.35)

Here zeff corresponds to the distance z at the maximum of the surface-potential barrier. The

tunneling probability of an electron can be approximated as

D ⇡
e�G

1 + e�G
(4.36)

where G is the strength of the barrier
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G = ge

Z z2

z1

B1/2
SN (z)dz (4.37)

Here ge = 2
p
2m/~ is a universal constant. z1 and z2 define that the integral is evaluated be-

tween two points of choice of the vacuum potential barrier BSN . In the current implementation

the integral in Eq. 4.37 is computed by numerical integration.

The e↵ect of the external electric field on the vacuum potential barrier changes the photoe-

mission properties of the photocathode. As a result, electrons that are photoexcited to final

states with an energy below the WF can contribute to the photoemission process by tunneling

through the vacuum potential barrier. The QE, as a result of the external electric field, is

described as

QEFE(i, j,!,k, µ, T, s) = QE(i, j,!,k, µ, T, s)D(j) (4.38)

where D(j) is the probability of an electron in a final state j to tunnel through the vacuum-

potential barrier. QEFE defines the number of photoexcited electrons electrons that tunnel

through the vacuum potential barrier and contribute to the total emission of electrons.

4.3 Summary and conclusions

The photoemission model developed in this work simulate the quantum e�ciency (QE) and

mean transverse energy (MTE) from first principles simulations of electronic structure of realis-

tic models of surfaces. This model is developed so that the mechanistic and atomic contribution

in the photoemission process can be decomposed and studied independently.

Photoemission under the e↵ect of an external electric field is approximated by combining the

Fowler-Nordheim theory of field emission with the photoemission model developed in this work.

This methodology enables the study of photoemission and field emission as a result of the

change in the workfunction (WF) and the vacuum-potential barrier by an external electric field.
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The QE and MTE is computed as a combination of photoemission, field emission and field-

enhanced photoemission by considering not only the electrons with a final energy higher than

the workfunction but also the emission from electrons tunneling though the vacuum-potential

barrier.



Chapter 5

Quantum e�ciency and mean

transverse energy from metallic

surfaces

5.1 Structural analysis

DFT surface simulations of Cu(100), (110), (111), Zr(0001), Nb(100) and Mo(100) are per-

formed using a 2D periodic slab model, infinite in the xy plane and finite in the z direction

with a vacuum region of at least 20 Å. A planewave basis set combined with ultrasoft pseu-

dopotentials is used in the DFT calculations. The PBEsol functional is used for the exchange

and correlation.[70] The details of the DFT calculations are described in Chapter 3.

5.1.1 Zr(0001)

A planewave cuto↵ energy of 600 eV and a Monkhorst-Pack grid of 12⇥ 12⇥ 12 was found to

converge the bulk total energy to 0.1 meV/atom. For the surface simulation, a grid of 20⇥20⇥1

was found to converge the total energy to 0.1meV/atom and the photoemission quantum e�-

ciency and mean transverse energy within 1%. Zirconium adopts the HCP structure, belonging

61
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to space group 194 (P63/mmc). The optimized bulk Zr lattice parameter was found to be

a = b = 3.187 Å and c = 5.106 Å, which is within 2% compared to previous experimental and

theoretical values as shown in Table 5.1.[100] The Zr(0001) slab was 14 atomic layers thick,

which is chosen so that the total energy per atom converged to 0.1meV/atom. Atomic relax-

ation of the bulk and surface results of the Zr and Zr(0001) slab calculations and comparison

with previous studies are reported in Table 5.1.

Table 5.1: Comparison of the lattice parameters s and c, layer relaxations � given as a percentage
of the bulk interlayer spacing, surface energy and WF � for Zr(0001) calculated in this work
with previous theoretical and experimental reports. �c�b indicates the di↵erence in interlayer
spacing between the centre of the slab and the relevant bulk parameter, as calculated in this
work.

This work Previous Calculation Experiment
a (Å) 3.187 3.219a 3.23a

c (Å) 5.106 5.182a 5.15a

�c�b % 0.14 - -
�1�2 % -6.28 �6.1b �1.6± 0.8b

�2�3 % 2.12 2.3b 0.4± 1.2b

Surface Energy
(J/m2) 1.77 - -

(eV/atom) 0.97 0.88b - 0.96b -
� (eV) 4.19 4.26c - 4.37c 4.05± 0.1c

a Reference [100], Calculation: DFT-PBE / Experiment:XRD
b Reference [101], Calculation: DFT-PW91/LDA / Experiment: LEED
c Reference [102], Calculation: DFT-LDA / Experiment: UPS (Poly-crystalline sample)

The surface relaxation of Zr(0001) was found to be consistent with previous theoretical and

experimental results as summarised in Table 5.1. The variation in the interlayer spacing between

the bulk and the centre of each simulated slab is 0.14%. The surface relaxation found in

this work is within 1% compared to previous calculations using DFT-GGA method.[101] The

discrepancy in surface relaxation values obtained in LEED experiments has been previously

addressed and attributed to the e↵ect of the adsorbents on the surface of the samples.[103] The

relaxation decays quickly with increasing distance from the surface, becoming more and more

like the bulk interlayer spacing towards the centre of the simulated material.

The computed surface energy in this work is within 10% (0.09 J/m2) compared to previous

DFT-PW91 calculations and within 1% (0.01 J/m2) compared to previous DFT-LDA calcula-

tions, which suggest that the surface energy is highly dependent on the exchange and correlation
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functional.[101]

The computed WF (�) of this work is within 3% (0.07-0.18 eV) compared to previous experi-

mental measurement of a polycrystalline Zr sample using ultraviolet spectroscopy (UPS) and

within 2% (0.14 eV) compared to previous theoretical calculations using DFT with LDA as

exchange and correlation functional.[102]

5.1.2 Nb(100)

A planewave cuto↵ energy of 800 eV and a Monkhorst-Pack grid of 12 ⇥ 12 ⇥ 12 was found

to converge the bulk total energy to 0.1 meV/atom. For the (100) slab simulation, a grid of

24 ⇥ 24 ⇥ 1 was found to converge the total energy to 0.1 meV/atom and the photoemission

quantum e�ciency and mean transverse energy within 1%. Niobium adopts the BCC structure,

belonging to space group 229 (Im3̄m). The optimized bulk Nb lattice parameter was found to be

3.273 Å, which is within 1% compared to previous experimental and theoretical results.[104, 105]

The Nb(100) slabs was 12 atomic layers thick which is chosen so that the total energy per atom

converged to 0.1meV/atom. Atomic relaxation of the bulk and surface results of the Nb and

Nb(100) slab calculations and comparison with previous studies is reported in Table 5.2.

The large contraction of the surface layer of Nb(100) has been previously observed in both ex-

perimental and theoretical works. Contractions of a similar magnitude have also been observed

in other BCC transitions metals such as W and Ta.[110, 111] In transition metal surfaces, the

contraction of the first atomic layer is a general observation that has been explained in two

di↵erent ways. As discuss by Smoluchowski, upon the creation of a surface, the electronic

charge density at the surface is redistributed from the vacuum region above the surface to

the regions between the surface atoms.[112] This process increases the charge of the surface

layer and creates an inward electrostatic force. Additionally, for transition metals, the s � p

electrons, which are repelled from the atomic cores, spill out into the vacuum. This allow the

tightly bounded d electrons to pull the surface atoms closer to the bulk atoms, resulting in an

decrease in energy.[113]
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Table 5.2: Comparison of the lattice parameters a, layer relaxations � given as a percentage
of the bulk interlayer spacing, surface energy and workfunction � for Nb(100) calculated in
this work with previous theoretical and experimental reports. �c�b indicates the di↵erence in
interlayer spacing between the centre of the slab and the relevant bulk parameter, as calculated
in this work.

This work Previous Calculation Experiment
a (Å) 3.273 3.299a 3.2986b

�c�b % -1.6 - -
�1�2 % -12.5 �12.44c �13± 5d

�2�3 % -0.5 -0.5 -
Surface Energy (J/m2) 2.576 2.795e -

� (eV) 3.42 3.55e 3.97� 4.18f

a Reference [104], Calculations: DFT-PW91
b Reference [105], Experiment: XRD
c Reference [106], Calculations: DFT-GGA
d Reference [107], Experiment: LEED
e Reference [108], Calculations: DFT-PBE
f Reference [109], Experiment: Photoemission threshold and field emission retarding potential

The computed surface energy is within 8% (0.219 J/m2) compared to a previous theoretical

study using DFT-PBE.[108] The compute WF (�) was found to be 3.42 eV which is within 4%

(0.13 eV) compared to previous theoretical using the DFT but within 14% (0.55 eV) compared

to previous experimental values which indicates a discrepancy between the theoretical and

experimental WF.[109, 108] This discrepancies between previous computed and experimental

WF values for Nb(100) was also observed and addressed in a previous study.[114] A satisfactory

explanation for this discrepancy has not been studied in detail. The large surface energy

of Nb(100) surface could potentially induce a surface reconstruction that increases the WF.

Moreover, the formation of chemical species such as oxides or hydrides at the surface could also

change the WF while reduction the energy of the surface. In Chapter 6, the change on the WF

is studied as a consequence of the formation of NbH2 on the surface.

5.1.3 Mo(100)

A planewave cuto↵ energy of 800 eV and a Monkhorst-Pack grid of 12 ⇥ 12 ⇥ 12 was found

for the convergence of the bulk properties and a grid of 24⇥ 24⇥ 1 was found to converge the
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electronic and the photoemission quantum e�ciency and mean transverse energy within 1%.

Molybdenum adopts the BCC structure, belonging to space group 229 (Im3̄m). The optimized

Mo lattice parameter was found to be 3.128 Å, which is in within 1% compared to previous

experimental and theoretical values.[115, 116] The Mo(100) slabs was 12 atomic layers thick

which is chosen so that the total energy per atom converged to 0.1meV/atom. The structural

results of the Mo(100) slab calculations and comparison with previous studies is reported in

Table 5.3.

Table 5.3: Comparison of the lattice parameters a, layer relaxations � given as a percentage
of the bulk interlayer spacing, surface energy and WF � for Mo(100) calculated in this work
with previous theoretical and experimental reports. �c�b indicates the di↵erence in interlayer
spacing between the centre of the slab and the relevant bulk parameter, as calculated in this
work.

This work Previous Calculation Experiment
a (Å) 3.128 3.154a 3.1478b

�c�b % 1.94 - -
�1�2 % -12.85 �13.05c �9±d

�2�3 % 3.59 4.20c -
Surface Energy (J/m2) 3.56 3.661e -

� (eV) 3.79 3.842e 4.25� 4.6f

a Reference [115], Calculation: DFT-PW91
b Reference [116], Experiment: XRD
c Reference [106], Calculation: DFT-GGA
d Reference [117], Experiment: LEED
e Reference [108], Calculation: DFT-PBE
f Reference [109], Experiment: Field emission and photoemission

Mo(100) surface properties share some similarities to the results of the Nb(100) surface due

to being both BCC transition metals. The large surface contraction observed on the (100)

surface in other BCC metals is also observed Mo(100). The computed surface energy is in

within 3% (0.101 J/m2) compared to previous theoretical results using DFT-PBE. The com-

pute WF (�) of Mo(100) was found to be 3.79 eV which is in within 2% (0.052 eV) compared

to previous theoretical using the DFT-PBE but smaller by 12% (0.46 eV) compared to exper-

imental measurements.[108, 109, 114] Similar to Nb(100), a satisfactory explanation has not

been studied in detail.
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5.1.4 Cu(100), (110) and (111)

A planewave cuto↵ energy of 600 eV and a Monkhorst-Pack grid of 16 ⇥ 16 ⇥ 16 was found

for the convergence of the bulk properties and a grid of 32 ⇥ 32 ⇥ 1 was found to converge

the electronic and the photoemission quantum e�ciency and mean transverse energy within

1%. Copper adopts the FCC structure, belonging to space group 225 (Fm3̄m). The optimized

Cu lattice parameter was found to be 3.561 Å, which is in within 1% compared to previous

experimental values.[118] The Cu(100), (110) and (111) slabs were 16 atomic layers thick which

is chosen so that the total energy per atom converged to 0.1meV/atom.

Table 5.4: Calculated layer relaxations � for low index surface of Cu given as a percentage
of the bulk interlayer spacing. �c�b indicates the di↵erence in interlayer spacing between the
centre of the slab and the relevant bulk parameter, as calculated in this work.

Cu(100) Cu(110) Cu(111)
�c�b �12 �23 �c�b �12 �23 �c�b �12 �23
% % % % % % % % %

This work -0.01 -2.67 0.67 0.60 -9.73 4.52 -0.12 -0.85 0.07
LDA[119] - -3.02 0.08 - -9.27 2.77 - -1.27 -0.64
Expt. - -1.10a 1.70a - -8.50b 2.30b - -0.70c -

a Reference [120], Experiment: LEED
b Reference [121], Experiment: LEED
c Reference [122], Experiment: LEED

The results for the surface relaxation of Cu(100), Cu(110) and Cu(111) are summarised in

Table 5.4. The variation in the interlayer spacing between that in the bulk and the centre

of each simulated slab is below 1% suggesting that the system is converged with respect to

the slab thickness. The surface relaxation general trends are well reproduced, with a smaller

discrepancy in absolute values with respect to previous studies.[119, 120, 121, 122, 123] The

relaxation decays quickly with increasing distance from the surface, becoming more and more

like the bulk interlayer spacing towards the centre of the simulated material.

The surface energy and WF of the bulk terminated but fully relaxed slabs cut along the (100),

(110), and (111) Miller planes are reported in Table 5.5. The computed surface energies and WF

are in within 6% compared to previous theoretical studies using DFT-SCAN, which is a meta-

GGA functional and within 14% compared to DFT-PBE, which suggest that the surface energy
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has an important dependency on the choice of exchange and correlation functional.[108, 124]

Nevertheless, the discrepancies between the absolute values is within 0.3 J/m2.

Table 5.5: Computed surface energies and work function � for the low energy surfaces of Cu in
this work and previous theoretical and experimental results.

(100) (110) (111)
Surface Energy (J/m2) 1.86 1.94 1.69
Previous Calculations 1.76a 1.88a 1.59a

2.15b 2.19b 1.94b

� (eV) 4.56 4.36 4.69
Previous Calculations 4.43a 4.48a 4.98a

4.506b 4.272b 4.714b

Experiment 4.59� 5.1c 4.4� 4.92c 4.8� 5.54c

% Wul↵ 26.9 12.7 60.4
a Reference [124], Calculation: DFT-SCAN
b Reference [108], Calculation: DFT-PBE
c Reference [109], Experiment: Photoemission and Kelvin probe

The computed WF (�) in this work for the Cu surfaces are within 3% compared to previous

theoretical studies using DFT-PBE and within 1% compared to DFT-SCAN.[108, 124] The

discrepancies between the computed WF in this work and previous experimental measurments

of WF is in between 1% to 15% (0.03 eV to 0.85 eV) depending on the experimental reported

value.[109]

Photoemission simulations of a poly-crystalline Cu photocathode are performed by averaging

the contribution of each of the lower index surface according to a Wul↵ construction of the

equilibrium morphology. The Wul↵ construction predicts the morphology of the equilibrium

crystallite by minimizing the total surface energy as explained in Section 3.1.7.[81, 125]

Figure 5.1: Wul↵ construction of the equilibriumn morphology of Cu.
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The Wul↵ construction morphology represented in Fig. 5.1 is consistent with previous theo-

retical works using the same approach.[126, 127] In this work, the equilibrium shape of poly-

crystalline Cu is found to be formed by a 60.4% of Cu(111), 26.9% of Cu(100) and 12.7% of

Cu(110).

5.2 Photoemission simulations

Electronic structure calculations using DFT is combined with the photoemission model pre-

sented in Chapter 4 to simulate the Quantum e�ciency (QE) and Mean transverse energy

(MTE) of Cu (100), (110), (111), Zr(0001) and Nb(100) surfaces. The Dirac delta function

in Eq. 4.1 was evaluated using a linear extrapolative scheme.[77] Electron transport and scat-

tering processes are approximated using the inelastic mean free path theory (IMFP). For Cu

surfaces, the IMFP is set to 19 Å, which is obtained from previous theoretical and experimen-

tal works.[98] The photoemission simulations for Zr(0001), Nb(100) and Mo(100) in this work

assume that the IMFP does not vary much between di↵erent metals (universal value). An

IMFP value of 20 Å is used for both metals which is in the usual range for a transition metal

at this energy range.[128] As highlighted by Chantler and Bourke, current approaches to the

determination of the IMFP are not well establish and di↵erent experimental techniques and

theoretical approximations lead to di↵erent estimations.[129] In this work, the IMFP constant

used to approximate the electron transport are obtained from previous experimental and the-

oretical works based on the electron energy loss function (ELF) approximation since it is the

current most widely used method for obtaining these values.

MTE results are compared to experimental results measured with a transverse energy spread

spectrometer (TESS) by the ASTeC group at the STFC Daresbury laboratory. TESS is design

to isolate the MTE measurement from external undesirable disturbances such as weak magnetic

or electric fields that a↵ects the detection of extremly low energy electrons. TESS consist on

a tunable light source that illuminates the photocathode at a fixed angle. The photoemitted

electron beam expands as a function of the mean transverse energy of the electrons. The
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detector consists on a fluorescence screen and a charge-coupled device (CCD) camera recording

the signal.[130] Experimental measurements are performed at room temperature (298K) under

a small electric field (3.7kV/m) towards the detector. For comparison with the results presented

in this work, the photoemission simulations are computed for a electronic temperature of 298K

and an external electric field of 3.7kV/m.

5.2.1 QE and MTE simulations from Zr(0001) surfaces

The computed QE and MTE as a function of the incident photon energy are plotted in Fig. 5.2.

For comparison, the experimental measured MTE on a Zr(0001) single crystal photocathode is

also included in this graph. The computed QE and MTE is presented in Fig. 5.2 is decomposed

into the contribution of the two di↵erent final steps implemented in the model developed in this

work. For the ‘Free electron’ series, the final state is described by Eq. 4.6 and for the ‘Bloch

state’ series, the final state is described by Eq. 4.5. The mean series represents the average

contribution by both final states.
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Figure 5.2: Quantum e�ciency and mean transverse energy as a function of the incident photon
energy for Zr(0001). The red dash line indicates the workfunction.

The comparison MTE as function of the incident photon energy of fully ab initio calculations

of idealised surface with the experimental measurements has a good agreement for photon

energies lower than 5 eV. At photon energies higher than 5 eV, the computed MTE tends to

be higher than the experimental value. Previous experimental measurements of the QE of Zr
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photocathodes were perfomed on poly-crystalline samples and range from 1⇥10�5 to 2.9⇥10�4

for a photon wavelength of 262-266 nm (4.73-4.66 eV).[131] The computed QE of the Zr(0001)

in this work for an atomically perfect surface for a photon energy of 4.66 eV is computed

to be 1.3 ⇥ 10�4. A direct quantitative comparison cannot be performed without neglecting

the evident discrepancies between the theoretical model and the poly-crystalline experimental

samples. Moreover, previous computational works estimate that the (0001) surface of Zr is not

the predominant surface in a Wul↵ reconstruction, covering only a 14% of the surface of the

predicted equilibrium crystal shape.[132]

The decomposition of the average QE shown in Fig. 5.2 into the two di↵erent final states, free

electron state and Bloch state, shows that the Bloch final states dominates the photoemission

process. The high computed QE of Zr(0001) as well as the high contribution of the Bloch final

states can be understood from the projected density of states (PDOS) in Fig. 5.3. The large

number of d states 0.5 eV below the Fermi energy increases the probability of electrons to be

emitted by an incident photon energy with a small excess energy. In addition, the large number

of empty d states in between 4 and 6 eV contributes to increase the probability of excitation

of the electrons into the empty Bloch states in the conduction band.

Figure 5.3: Bandstructure and Projected Density of States of Zr(0001). The red dash line
indicates the Fermi energy.

The bandstructure in Fig. 5.3 shows that at the � point there are a large number of empty states

at energies around 1 eV above the Fermi energy. States at the � point are particularly interesting

in photocathode applications since electrons emitted in this region have a low transverse energy.
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In addition, high density of states at the � point could potentially indicate a high QE. These

reflections suggest a strategy for optimising the performance of Zr(0001) as a photocathode

by the modification of the Fermi energy so that these states in the conduction band at the �

point are being populated. The subsequent photoemission from these populated states in the

conduction band could potentially increase both QE and decrease the MTE.

5.2.2 QE and MTE simulations from Nb(100) surfaces

Nb photocathodes are interesting candidates to be used as electron sources in a radio frequency

(RF) electron guns. The cavity of a RF gun made of superconducting metals such as Nb or

Pb improve the performance of the RF gun due to the lower losses and more e�cient transfer

of energy compared to Cu cavities at similar frequencies. The additional advantage of using

the same material for the photocathode and the RF cavity is that the photocathode no longer

need to be thermally isolated from the cavity, simplifying the design of the RF gun.[133]

The discrepancies between the experimental WF and the theoretical WF as explained in Sec-

tion 5.1.2 are extrapolated to the computed QE and MTE. The QE and MTE of Nb(100) as

a function of the incident photon energy computed at three di↵erent values of WF that cor-

respond to the computed value in this work and previously reported experimental values are

plotted in Fig. 5.4. The MTE simulations using the computed WF in this work (3.42 eV) pre-

dict a MTE that is several times higher than the experimental measured MTE due to the large

energy di↵erence between the photon energies and the WF. When the WF in the simulations

is chosen to match the experimental reported value of 4.18 eV, the computed MTE results has

a good agreement with the experimental results for an incident photon energy of up to 4.7 eV.

In addition, the computed MTE using a WF value of 3.97 eV shows that the MTE is several

times higher than the experimental MTE, which suggests that the photoemission simulations

can be very sensitive to small changes in WF.

Since experimental WF measurements can change depending on the method and sample and

theoretical WF can also change from one approximation to another, the predictive ability of

the presented photoemission model is limited. Nevertheless, the model provides an estimation
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of the photoemission properties of a photocathode that can be used in the search and design

of new photocathode materials.
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Figure 5.4: Mean quantum e�ciency and mean transverse energy as a function of the incident
photon energy for Nb(100). The blue, green and red dash line indicates the corresponding
workfunctions.

Previous QE measurements of Nb has only be performed on poly-crystalline samples and es-

timates the QE to be in between 3 ⇥ 10�6 to 2.6 ⇥ 10�4 for an incident photon wavelength of

262-266 nm (4.73-4.66 eV), 3.2 ⇥ 10�6 for a photon energy of 248 nm (5 eV) and 4.5 ⇥ 10�4

for a photon energy of 193 nm (6.4 eV).[131, 134, 135] Smedley et al. demonstrate that Nb

photocathode QE has a strong dependency on the cleaning conditions.[133] For an incident

photon wavelength of 266 nm (4.66 eV) with a bias electric field of 1MV/m, the QE varies from

7.4⇥ 10�7 for an unclean sample to 6.5⇥ 10�5 after laser cleaning.

The computed QE of the Nb(100) in this work for an idealised surface model for a photon energy

of 4.66 eV is 3.46⇥10�5. The evident discrepancies between the ideal surface model of this work

and the previous measurements do not allow for a complete comparison between the results of

this work and the previous experimental measurements. Previous computational works estimate

that the (100) surface of Nb is not the predominant surface in a Wul↵ reconstruction, covering

only 6% of the surface of the reconstructed crystal shape.[132]

The decomposition of the computed QE and MTE into the contribution from Bloch excitations

and direct excitations into free electron states process is shown in Fig. 5.5. The predominant

process is through the excitation into empty Bloch states. For the simulations with di↵erent



5.2. Photoemission simulations 73

4 4.5 5
Photon Energy (eV)

1×10-6

1×10-5

1×10-4

1×10-3
Q

ua
nt

um
 e

ff
ic

ie
nc

y 
(e

le
ct

ro
ns

/p
ho

to
n)

Mean (WF = 4.18 eV)
Free electron (WF = 4.18 eV)
Bloch state (WF = 4.18 eV)

4 4.5 5
Photon energy (eV)

0

100

200

300

400

500

M
ea

n 
tra

ns
ev

er
se

 e
ne

rg
y 

(m
eV

) Exp. (298K)
Mean (WF = 4.18 eV)
Free electron (WF = 4.18 eV)
Bloch state (WF = 4.18 eV)

Figure 5.5: Quantum e�ciency and mean transverse energy as a function of the incident photon
energy for Nb(100) for a WF of 4.18 eV. The red dash line indicates the workfunction.

WF, a similar decomposition in which Bloch excitations are the main contribution to the

photoemission process. As observed from the projected density of states (PDOS) in Fig. 5.6,

the high contribution of the Bloch final states in the photoemission process is due to the large

number of d states between 4 and 5 eV above the Fermi energy.

Figure 5.6: Bandstructure and Projected Density of States of Nb(100). The red dash line
indicates the Fermi energy.

The bandstructure of Nb(100) shows that there is a high density of empty states at the �

point at 0.5 eV above the Fermi energy. This suggest that inducing a modification in the

surface electronic structure of Nb(100) that populates this states can potentially reduce the

MTE spread while increasing the QE.
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5.2.3 QE and MTE simulations from Mo(100)surfaces

Mo has been previously suggested and studied as a candidate photocathode material for the

generation of free electrons.[136] Schroeder and Adhikari has previously studied the photoe-

mission properties of Mo(100) surfaces in an combined experimental and theoretical work.[137]

The theoretical model used by Schroeder and Adhikari simulates the photoemission process

as a one step process in which the bulk band electrons are being photo-excited into virtual

band states that are transmited into the final free electron states in the vacuum. Their model

accounts for temperature e↵ects using a Fermi-Dirac distribution and the e↵ect of an external

electric field is simulated using the exact triangular barrier model.[138]

The WF measurements on Mo(100) done by Schroeder and Adhikari observed a WF of 3.7 ±

0.05 eV, which is 0.76 eV lower than previously reported experimental values and the authors

attributed this WF reduction to the presence of a monolayer of oxide on the surface of Mo.[109]

The WF reduction of a metal surface due to the presence of an ultra-thin oxide film has been well

documented and studied in previous experimental and theoretical studies.[139, 140, 141, 142]

The measured WF in their work does coincidentally agree with DFT calculations (3.79 eV) in

contrast to the previous experimental WF (4.25-4.6 eV).[108, 109, 114] In this work, the QE

and MTE of Mo(100) as a function of the incident photon energy is calculated for a WF of 3.79

eV, which is the computed WF of this work and not that of previous experimental works. This

choice of WF shows better agreement with the previous measurements done by Schroeder and

Adhikari. The results of the QE and MTE calculations are plotted in Fig. 5.7

Previous experimental measurements of the QE of poly-crystalline Mo photocathodes ranged

the QE from < 7⇥10�7 to 2.5⇥10�6 for a photon wavelength of 262-266 nm (4.73-4.66 eV).[131]

The computed QE of the Mo(100) in this work for an ideal surface model for a photon energy of

4.75 eV is 9.51⇥ 10�5. A direct quantitative comparison cannot be perform without neglecting

the evident discrepancies between the theoretical model and the poly-crystalline experimental

samples. Moreover, previous computational works estimate that the (100) surface of Mo is not

the predominant surface in a Wul↵ reconstruction, covering only a 1% of the surface of the

reconstructed crystal shape.[132]
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Figure 5.7: Quantum e�ciency and mean transverse energy as a function of the incident photon
energy for Mo(100). The red dash line indicates the workfunction.

The theoretical and experimental work of Schoreder and Adhikari on Mo(100) surface shows

that the QE of Mo(100) increases by ⇡3.5 times when the incident photon energy increases from

3.9 eV to 4.3 eV.[137] In this work, the computed QE increases from 1.39⇥ 10�5 to 6.12⇥ 10�5

for a photon energy between 3.875 eV and 4.25 eV, which is an increment of 4.4 times.

The experimental MTEmeasurements and theoretical calculations on Mo(100) done by Schroeder

and Adhikari shows two distinct regions.[137] In the first region, which is for a photon energy

in between 3.8 eV and 4.5 eV, the MTE increases from ⇠60 meV to ⇠250 meV. The calculated

results of this work for this region are shown in Fig. 5.7, where the MTE increases from 53.6

meV to 246.2 meV for a photon energy between 3.9 eV and 4.4 eV, is in reasonable agree-

ment with their computational and theoretical results. In the second region, which is for a

photon energy in between 4.75 eV and 5.5 eV, the theoretical calculations done by Schroeder

and Adhikari predicted a MTE between ⇠350 meV and ⇠600 meV, which is much larger than

the experimental measurements (⇠300 meV to ⇠425 meV). This deviation is attributed to the

contribution of other states in the photoemission process. In this work, the MTE calculations

for this energy region is 362.3 meV to 597.3 meV for a photon energy between 4.6 and 5 eV

which is in reasonable agreement with the previous theoretical calculations but not with the

experimental observation.

The decomposition of the computed QE and MTE into the Bloch excitations and the direct free

electron excitations in Fig. 5.7 shows that the predominant process is through the excitation
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Figure 5.8: Bandstructure and Projected Density of States of Mo(100). The red dash line
indicates the Fermi energy.

into empty Bloch states. The projected density of states (PDOS) in Fig. 5.8 shows that the

high contribution of the Bloch final states in the photoemission process is due to the presence

of empty p and d states between 4 and 5 eV above the Fermi energy. The lower DOS in this

energy region compared to Zr(0001) could be the reason why the QE of Mo(100) is several

times lower than that of Zr(0001) for a similar excess energy. The band structure in Fig. 5.7

shows that a high number of states at the � point is located at an energy of 1.5 eV below the

Fermi energy. A high excess energy is required to trigger the emission of this electron which

also increases the emission of higher transverse momentum electrons with lower binding energy

and thus increasing the mean transverse energy spread.

5.2.4 QE and MTE simulations from Cu

Cu is the most common metal used as photocathode due to the RF gun cavity being commonly

made of Cu. The convenience of using the same material for the RF gun cavity simplifies

the design of the RF photoinjector.[143] While polycrystalline samples have shown acceptable

performances for the current generation of FELs, the used of single crystal photocathodes is

expected to improved significantly both the QE and MTE of the photocathode due to the

higher control in the quality of the photoemission surface and a better understanding of the

connection between the electronic structure and the photoemitted electrons.
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QE and MTE simulations from Cu (100) surface

In a previous study that combines experimental measurements of QE and MTE with a theoret-

ical one-step model of photoemission based on the density of electronic states, Cu(100) single-

crystal photocathodes are highlighted as a the most promising Cu surface for the improvement

of the performance of the current poly-crystalline Cu photocathodes.[144] The reported exper-

imental QE and MTE for a photon energy for a photon energy of 4.66 eV at room temperature

was ⇠ 2⇥ 10�5 and 50 meV respectively.

Another experimental study of MTE at temperatures of 35K on Cu(100) surface shows a

record low mean transverse energy of just 5 meV by using an incident photon energy at the

photoemission threshold.[23] This low MTE was achieved at the cost of a QE in the order of

10�8 which is too low to be used as a free electron source in a FEL.

The change in QE of Cu(100) by the deposition of thin films of CsBr and KBr has been

previously studied experimentally. The reported QE of the clean Cu(100) surface is 5 ⇥ 10�5

for an incident photon energy of 4.66 eV and the addition of CsBr or KBr thin films increases

the QE by a factor of 77 and 26 respectively due to the decrease in WF.[145]
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Figure 5.9: Quantum e�ciency and mean transverse energy as a function of the incident photon
energy for Cu(100). The red dash line indicates the workfunction.

The computed QE in this work shown in Fig. 5.9 estimate a much lower QE than the observed in

previous experimental measurements. The photoemission decomposition into the two di↵erent

photoemission mechanisms shows that the main contribution to the photoemitted electrons is
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by a direct excitation into free electron states. The decomposition of the photoemission process

shows that in the energy range between 4.66 eV and 5.1 eV the contribution of electrons from a

Bloch final state is smaller than the direct excitation into free electron final states. It is found

that the allowed optical transitions in this energy range do not satisfy the parallel momentum

conservation requirement in the photoemission process and the transitions that satisfy the

parallel momentum conservation are optically forbidden transitions.

The theoretical MTE of Cu(100) as a function of the incident photon energy plotted in Fig. 5.9

shows a similar trend compared to the experimental values.

Figure 5.10: Bandstructure and Projected Density of States of Cu(100). The red dash line
indicates the Fermi energy.

The DOS in Fig. 5.10 shows a high DOS of d states between -5 eV and -1.5 eV which has a high

binding energy to be used in a practical photocathode. It can be observed that the theoretical

MTE is higher at energies near the Fermi energy than at 4.81. This behaviour in the MTE

can be explained by looking at the Cu(100) bandstructure shown in Fig. 5.10. For an excess

energy that matches with the Fermi energy, electrons can only be emitted from states that have

a significantly high transverse momentum. Once the excess energy increases, electrons with a

smaller transverse momentum can now be emitted from the bottom of the parabolic shape

valence bands that has a smaller transverse momentum and overall reduce the mean transverse

momentum.

A schematic representation of this energy-momentum relation of the photoemitted electrons in

Fig. 5.11 where the blue and green line represents the free electron energy-momentum parabola.
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Figure 5.11: Schematic representation of the energy-momentum relation of the photoemission
process for a band near the Fermi energy. The blue and green parabolas represent free electron
parabolas for two di↵erent incoming photon energies. The black line represents an occupied
electronic band.

For an incident photon energy E1 < E2, only states with a high transverse energy are emitted

while for a incident photon energy E2 > E1, electrons with a smaller transverse energy are

emitted which overall decreases the MTE. A similar behaviour was also observed in a previous

theoretical study of the photoemission properties of Ag(111).[146]

QE and MTE simulations from Cu (110) surface

Previous experimental photoemission studies on Cu(110) photocathodes have attributed a high

chemical reactivity that causes the WF to change during the measurements despite the use

of UHV conditions.[144] The computed QE and MTE is plotted in Fig. 5.12 along with the

experimental measurement of MTE for comparison. The theoretical values are decomposed

into the contribution of the Bloch final state, described by Eq. 4.5, and the free electron final

state, described by Eq. 4.6. The mean series represents the average contribution by both final

states. The comparison with the experimental MTE shows that for incident photon energies

lower than 4.54 eV, the computed MTE is on average 40 meV lower while for incident photon

energies higher than 4.54 eV, the computed MTE is on average 163 meV higher. Previous

experimental studies of MTE on Cu(110) reported a minimum of 33 meV at the photoemission

threshold.[144]
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Figure 5.12: Quantum e�ciency and mean transverse energy as a function of the incident
photon energy for Cu(110). The red dash line indicates the workfunction.

The QE of Cu(110) as a function of the incident photon energy in Fig. 5.12 shows an initial

large QE at 4.66 eV that decreases with an increment in the photon energy. The final state

decomposition shows that the main mechanism of photoemission at 4.66 eV is a one-step mech-

anism, in which the final step is a free electron state. The bandstructure and DOS is plotted

in Fig. 5.13. Similar to Cu(100), the DOS shows a high density of d states in between -5 eV

and -1.5 eV with respect to the Fermi energy that are too deep in energy to be practical as

photoemission states for photocathode applications.

Figure 5.13: Bandstructure and Projected Density of States of Cu(110). The red dash line
indicates the Fermi energy.

The QE results of Cu(110) as a function of the incident photon energy, plotted in Fig. 5.12,

shows a gap of 0.3 eV between the WF and the first photoemitted electrons. The parabolic

bands near the Fermi energy in the vicinity of the � point, as shown in the bandstructure of
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Cu(110) in Fig. 5.13, has either a high binding energy or a high transverse momentum. The

final kinetic energy EK of a photoemitted electron from a particular electronic state is described

as

EK = ~! � EBE (5.1)

where ~! is the photon energy and EBE is the binding energy expressed as

EBE = �+ (EF � Ei) (5.2)

Here � is the WF, EF is the Fermi energy and Ei is the initial electronic state energy. Decompos-

ing the electron final kinetic energy into its perpendicular and parallel momentum components

lead to

p2
?

2m
+

p2
k

2m
= ~! � EBE (5.3)

Applying the momentum conservation rules and rearranging the terms,

p2
?

2m
= ~! � EBE �

~2
2m

k2
k (5.4)

where pk = ~kk and kk is the parallel momentum of the electron inside of a crystal. Therefore,

as shown in the schematic representation of this e↵ect in Fig. 5.14, the energy-momentum

relation in the photoemission process requires that the incident photon energy has an energy

higher than the WF to satisfy both the conservation of energy and transverse momentum

simultaneously.

Photoemission from Cu(110) surfaces require photons with an higher excess energy with respect

to the WF in order to trigger the photoemission process. The MTE of the electrons emitted

at the photoemission threshold has a high MTE, which limis the performance of Cu(110) as a
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Figure 5.14: Schematic representation of the energy-momentum relation of the photoemission
process for a band near the Fermi energy that requires a incident photon energy higher than the
workfunction. The blue and green parabolas represent free electron parabolas for two di↵erent
incoming photon energies. The black line represents an occupied electronic band.

photocathode for FELs applications.

QE and MTE simulations from Cu (111) surface

A previous theoretical and experimental work on the QE of Cu(111) photocathodes shows that

in order to trigger the photoemission of electrons, photons with an excess energy above the

measured WF of 4.94 eV is required.[147] The QE was measured in this work at three di↵erent

photon energies (5.44 eV, 5.74 eV and 6.28 eV) for di↵erent incident light angle. For a photon

energy of 5.44 eV, the maximum QE was measured to be ⇠ 1.1⇥ 10�4.

Similar to Cu(100) and Cu(111), the DOS in Fig. 5.16 shows a high DOS of d states between

-5 eV and -1.5 eV which is an excessively high binding energy to be used in a practical photo-

cathode. The QE of Cu(111) as a function of the incident photon energy, plotted in Fig. 5.15,

shows a small gap of 0.2 eV between the WF and the first photoemitted electrons. As shown

in the electronic bandstructure in Fig. 5.16, the parabolic bands near the Fermi energy has

either a high binding energy or a high transverse momentum and therefore, an excess energy is

required in the photoemission process, which is in agreement with previous observations. For a

photon energy of 5.39 eV, the computed QE of this work is 1.01⇥ 10�4, which is in agreement
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with previous experimental measurements.[147]
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Figure 5.15: Quantum e�ciency and mean transverse energy as a function of the incident
photon energy for Cu(111). The red dash line indicates the workfunction.

Comparison of the QE and MTE simulaton with previous experimental measurements done by

Milardi et al. on Cu(111) at a similar photon energy shows a similar trend.[148] The measured

QE by Milardi et al. in between ⇠ 8⇥ 10�5 to ⇠ 1.9⇥ 10�4 for a photon energy between 5.14

and 5.4 eV is in reasonable agreement with the results of this work, where the computed QE

in that energy range is in between 1.03⇥ 10�4 to 1.01⇥ 10�4 for a photon energy in between

5.14 and 5.39 eV. The MTE trend is similar, there are important discrepancies in the actual

values of MTE of this work and the previous experimental study. In the experimental study,

the MTE at the photoemission peak is ⇠150 meV, which is less than half the MTE of this work

(336 meV).

The final state decomposition shows that photoemitted electrons in Cu(111) are mostly excited

first into the Cu(111) empty conduction band Bloch states rather than being excited directly

into a free electron state. The comparison of MTE as function of the incident photon energy

with the experimental measurements does not agree well for incident photon energies below the

WF. The computed QE for an incident photon energy below 4.9 eV indicates that photoemission

below this photon energy should not be detected since the low QE will require a very intense

incident light source. The experimental measurements on the contrary, shows photoemission at

incident photon energies lower than the WF, which suggest that the WF of the measure sample

is lower than expected. A detail understanding of the surface structure and composition is
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Figure 5.16: Bandstructure and Projected Density of States of Cu(111). The red dash line
indicates the Fermi energy.

required in order to understand the observed discrepancies.

QE and MTE simulations from poly-crystalline Cu

Poly-crystalline Cu photocathodes have been used as an electron source for the first hard X-ray

light source, the Linac-Coherent Light Source (LCLS) at Stanford, since 2007. The choice of

poly-crystalline Cu allow the entire photocathode to be form from a single piece which enables

the electron gun to operate at the highest possible field values. The QE and MTE of a poly-

crystalline Cu photocathode shown in Fig. 5.17 is calculated in this work as an average between

the (100), (110) and (111) surfaces in a Wul↵ reconstruction.

It can be observed that both the QE and MTE increases as a function of the photon energy since

an increment of the excess energy with respect to the WF enable the emission of electrons from

a larger number of states and from states with a larger transverse energy. By comparing the

QE of the poly-crystalline simulation with the previous surface calculations, it is clear that for

a photon energy higher than 4.9 eV, the (111) surface dominates the photoemission properties

since it has both the highest QE and it the Wul↵ construction is composed of a 60.4% of this

surface. Below 4.9 eV, the (100) and (110) surface has a similar contribution despite of the

higher surface contribution of the Cu(100) to the Wul↵ construction due to the lower QE of

this surface.
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Figure 5.17: Quantum e�ciency and mean transverse energy as a function of the incident
photon energy for poly-crystalline Cu. The values are obtained by averaging the contribution
of the low index surfaces (100), (110) and (111) according to the Wul↵ construction.

The QE of poly-crystalline Cu has been measured to be between 2.2 ⇥ 10�6 to 1.4 ⇥ 10�4

for an incident photon wavelength of 266 nm (4.66 eV).[149, 131] The computed QE in this

work for a poly-crystalline sample of Cu is 1.5⇥ 10�7, which is at least an order of magnitude

lower than than the experimental measurement. A careful examination of both experimental

measurements as well as theory it is required to understand the origin of the discrepancies.

Experimental measurements can vary drastically depending on the preparation of the sample

and the measurements conditions. E↵ects such as temperature induce by the incident light

source or the use of external electric fields can change drastically the emission properties of

photocathode which are studied in this work in the next sections.

5.2.5 QE and MTE of Cu (100), (110) and (111) at di↵erent tem-

peratures

In order to generate a high intensity light beam in a free electron laser, a high number of

electrons has to be generated from the photocathode. Low quantum e�ciency metals such as

Cu, require high light intensity in the order of the GW/cm2. At that intensity coupled with

sub-ps time scales for the laser pulse, it has been proposed that the electronic temperature

is e↵ectively isolated from the lattice temperature and it can increase to several thousands of
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Kelvin. After that, the electron and lattice temperature reach equilibrium through electron-

phonon scatterings.

Maxson et al. used a one dimensional two-temperature model to predict the e↵ect of tem-

perature on the photoemission properties of a Cu photocathode upon being irradiated by an

ultrafast laser.[150] In their simulations, it was predicted that Cu temperature could reach

3000K under laser fluence of 10 mJ/cm2.

The change in QE and MTE predicted by the extended Dowell-Schmerge relations in Maxson et

al. work was done at three di↵erent photon energies (Eex = 0.9, 0.36 and 0 eV) that correspond

to an excess energy Eex define as h⌫��eff where �eff is the e↵ective workfunction. The results

of simulations done by Maxson et al. shows that for Eex = 0.9 eV, the MTE increases by ⇠1.125

times while the QE remains constant. For Eex = 0.36 eV, the MTE increases by ⇠1.5 times

while the QE increases by ⇠2.5 times. Finally for Eex = 0 eV, the MTE increases by ⇠2.8

times while the QE increases by ⇠100 times.

In this work, the e↵ect of temperature on the QE and MTE is described as a combination of the

change of the electronic state population following a Fermi-Dirac distribution and a Gaussian

broadening of the photoemission probabilities below the photoemission threshold as described

in Chapter 4. In this approximation, the e↵ects of the electronic temperature in photoemission

are assumed to be an adiabatic process in which the electrons are photoemitted before they

can interact with the lattice. This simple approximation adopted in this work ignores the

e↵ect of thermal expansion, electron-phonon coupling, surface reconstructions or melting. The

purpose of this section is to understand the e↵ect of the electronic temperature rather than a

full description of the e↵ect of temperature in the photoemission process.

The computed QE and MTE of Cu(100) at di↵erent temperatures is shown in Fig. 5.18. In

general, an increment in T increases both QE and MTE. This e↵ect is more noticeable for

incident photon energies that are lower than the WF.

The computed QE and MTE of Cu(110) at di↵erent temperatures shown in Fig. 5.19, shows that

an increment in T increases both QE and MTE. Temperature has a important e↵ect, facilitating
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Figure 5.18: Quantum e�ciency and mean transverse energy as a function of the incident pho-
ton energy for Cu(100) at di↵erent temperatures. The red dash line indicates the workfunction.
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Figure 5.19: Quantum e�ciency and mean transverse energy as a function of the incident pho-
ton energy for Cu(110) at di↵erent temperatures. The red dash line indicates the workfunction.

the emission of electrons for incident photon energies corresponding to the photoemission gap

between the WF and a photon energy of 4.66 eV observed at room temperature and also at

photon energies lower than the WF.

The computed QE of Cu(111) at di↵erent temperatures shown in Fig. 5.20, shows that an

increment in T increases the QE, enables the emission of electrons for incident photon energies

corresponding to the photoemission gap between the WF and 4.9 eV observed at room tem-

perature and also at photon energies lower than the WF. The computed change in MTE as

a function of the incident photon energy for di↵erent temperatures shows a di↵erent trend in

comparison to the results in this work for the other Cu surfaces. At T above 1000K, the MTE
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Figure 5.20: Quantum e�ciency and mean transverse energy as a function of the incident pho-
ton energy for Cu(111) at di↵erent temperatures. The red dash line indicates the workfunction.

increases when the incident photon energy decreases with respect to the WF. The bandstruc-

ture of Cu(111) (Fig. 5.16) shows that there is a gap in energy between the pair of bands near

the Fermi energy and the rest of bands at the � point. When temperature increases, electrons

from states near the Fermi energy with higher values of MTE are emitted instead of the high

binding energy electrons at the � point.
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Figure 5.21: Quantum e�ciency and mean transverse energy as a function of the incident
photon energy for poly-crystalline Cu at di↵erent external electric fields.

In this work, the e↵ect of temperature in the photoemission QE and MTE of poly-crystalline

copper is done by averaging the contribution of each of the low index facets in a Wul↵ construc-

tion. The computed QE and MTE, shown in Fig. 5.21, describe that the e↵ect of temperature

on the QE is more prominent at an incident photon energy below 5.1 eV. At higher photon
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energies, the change in QE is negligible and seems to vary very little with temperature. For

the MTE, the e↵ect of temperature is more important at incident photon energies below 4.66

eV while at or above this photon energy, the e↵ect of temperature is much smaller.

Figure 5.22: Schematic representation of the e↵ect of the change in the population of the
electronic states near the Fermi energy as a consequence of the electronic temperature in the
photoexcitation of the electrons.

The e↵ect of the change in electronic temperature has a primarily e↵ect on the emission in the

photoemission of the electrons near or below the WF. As described in Fig. 5.22, the change

in the population of the electronic states near the Fermi energy and the broadening of the

vacuum level, has an e↵ect in facilitating the emission of electrons by an incident photon with

an energy below the WF. For incident photons with an energy higher than the WF, the e↵ect

of the electronic temperature is negligible.

5.2.6 QE and MTE of Cu (100), (110) and (111) under an external

electric fields

For practical applications, the photocathode operates under an external electric field that ac-

celerates the photoemitted electrons.[151] This accelerating voltage creates an external electric

field on the surface of the photocathode up to 100MV/m in pulse electron guns.[44] The e↵ect

of the external electric field is simulated by combining the photoemission model presented in

this work with the Fowler-Nordheim field emission theory as discuss in Chapter 4.
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In the simulations for Cu(100), (110) and (111) surfaces, it is found that photo-field emitted

electrons, which are the electrons that are photoexcited into states below the WF but con-

tributes to the total emission of electrons by tunneling through the vacuum potential barrier,

make a negligible contribution to the total QE and MTE. In the electric field range studied in

this work, the main e↵ect of the external electric field is found to be the change in the e↵ective

WF.

The QE and MTE at di↵erent external electric fields for Cu(100) is shown in Fig. 5.23. For an

external electric field of 100MV/m, the change in WF enables the emission of electrons at lower

incident photon energies and the computed QE increases for incident photon energies higher

than 4.8 eV. At this external electric field, the computed MTE shows an important increment

at incident photon energies higher than 4.7 eV, while at photon energies below this, the MTE

shows very small changes.
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Figure 5.23: Quantum e�ciency and mean transverse energy as a function of the incident
photon energy for Cu(100) at di↵erent external electric fields.The green, red and black dash
lines indicate the e↵ective workfunction.

The QE and MTE for di↵erent external electric fields for Cu(110) is shown in Fig. 5.24. The

QE shows a shift similar to the change in WF cause by the external field. A similar shift can be

observed in the MTE at photon energies for photon energies below 4.7 eV. At photon energies

higher than 4.7 eV, the change in MTE due to the e↵ect of the external electric field does not

show a consistent trend.

The QE and MTE for di↵erent external electric fields for Cu(111) is shown in Fig. 5.25. The
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Figure 5.24: Quantum e�ciency and mean transverse energy as a function of the incident
photon energy for Cu(110) at di↵erent external electric fields. The green, red and black dash
lines indicate the e↵ective workfunction.

QE increases for photon energies lower than 5.2 eV due the external electric field reducing

the e↵ective surface WF. For photon energies higher than 5.2 eV, the QE and the MTE are

invariant with respect to the external electric field. For photon energies lower than 4.7 eV, the

MTE increases with respect to the external electric field but at photon energies higher than

4.7 eV, the MTE does not show important changes.
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Figure 5.25: Quantum e�ciency and mean transverse energy as a function of the incident
photon energy for Cu(111) at di↵erent external electric fields. The green, red and black dash
lines indicate the e↵ective workfunction.

In a previous theoretical work, Dowell and Schmerge studied the photoemission properties of

Cu photocathodes using a three step model of photoemission in which the electrons behave

as noninteracting fermions following a Fermi-Dirac distribution and a flat density of state
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distribution close to the Fermi energy.[19] An important implementation of the model developed

by Dowell and Schmerge is that the external electric field is considered in their results and this

is done in their work by considering that a reduction of the surface-vacuum potential barrier

using a Schottky model. The simulations in the work done by Dowell and Schmerge shows that

the MTE and QE increases as function of the electric field, due to the change in the e↵ective

workfunction.
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Figure 5.26: Quantum e�ciency and mean transverse energy as a function of the incident
photon energy for poly-crystalline Cu at di↵erent external electric fields.

For a poly-crystalline Cu photocathode, the result of this work, as shown in Fig. 5.26, predict

an increment on the QE as a function of the the electric field. For the MTE, the change in

MTE for di↵erent external electric field does not show a clear increase. The results of this work

is done by averaging the contribution of the low index Cu surfaces, which has very di↵erent

QE, MTE and WF. The overall result is a complicated average of the di↵erent Cu surfaces that

contributes di↵erently to the simulated MTE at di↵erent photon energies and external electric

field.

5.3 Summary and conclusions

In this work, the simulation of quantum e�ciency (QE) and mean transverse energy (MTE)

from metallic surfaces has been calculated using the photoemission model described in Chap-

ter 4. This model simulates the photoemission performance from first principles electronic
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structure calculations using density functional theory (DFT). This methodology enables the

decomposition of the total estimated photoemission QE and MTE into the atomic and mecha-

nistic contributions as well as connecting the knowledge of the electronic structure of a material

with the observed photoemission measurements.

The photoemission model is applied to the Zr(0001), Nb(100), Mo(100), Cu(100), Cu(110)

and Cu(111) and the results are compared to previous literature reported values as well as

experimental measurements of MTE done by the ASTEC group at STFC Daresbury labo-

ratories. Polycrystalline Cu is also simulated in this work by averaging the contribution of

Cu(100), Cu(110) and Cu(111) in the equilibrium morphology predicted by the Wul↵ model.

The computed QE in this work for the materials of interest are in the range of previous re-

ported values for transition metal photocathodes. The computed MTE of Zr(0001) has a good

agreement with the experimental measurements done by ASTEC. However, the comparison

between Nb(100), Cu(100), Cu(110) and Cu(111) shows discrepancies that are attributed in

this work to di↵erences in the theoretical and experimental workfunction (WF). In the case

Nb(100), the computed MTE from experimental values of WF shows a good agreement with

the MTE measurements.

In addition, a study of the e↵ect of temperature and external electric field on Cu(100), Cu(110)

and Cu(111) as well as poly-crystalline Cu photocathodes is presented in this work. The e↵ect

temperature on the photoemission is calculated by studying the change in electronic population

using a Fermi-Dirac approximation. The results of this work show a similar behaviour to

that of a previous theoretical study, in which the temperature has a primarily e↵ect on the

photoemission of electrons near the Fermi energy. The e↵ect of the external electric field

is calculated by applying the Fowler-Nordheim theory of field emission. This approximation

consider the change in WF as well as the tunneling of electrons in the photoemission process.



Chapter 6

Surface chemistry

Surfaces are the regions that delimit a solid and act as the interface between the solid and

the environment. It is at the surface where many physical and chemical processes occur and

therefore, the study of surfaces is crucial in the development of many solid state applications.

The importance of surface science has led to the development of surface sensitivity characteri-

sation techniques that focus exclusively in the outer atomic layers of a material such as electron

microscopy, probe microscopy, secondary ion mass spectrometry (SIMS), photoemission spec-

troscopy, etc.

Photoemission spectroscopy is considered a surface sensitive characterisation technique due to

the short mean free path of the photoexcited electrons. Since the core electron binding energy

is characteristic of the element and its chemical environment, photoemission techniques such

as X-ray photoemission spectroscopy (XPS) can be used to elucidate the chemical composition

of the surface of a material. In addition, the photoemitted electron angular distribution of the

final state is related to the initial electron momentum distribution in the near surface region

of the sample as the electron momentum parallel to the surface normal is conserved during

excitation due to the negligible momentum of the incoming photon compared to that of a

typical electron. Therefore, angle-resolved photoemission spectroscopy (ARPES) can be used

to study the momentum distribution of the electrons inside of a crystal.

The chemical composition at the surface of a material can in some cases determine the photoe-

94
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mission spectra and therefore, a complete understanding of the surface structure and compo-

sition is crucial for any photoemission related application. The formation of di↵erent chemical

species at the surface of a material can induce changes in the surface potential, workfunction

(WF) and the surface electronic structure.

In my previous works, an initial version of the photoemission model described here has been ap-

plied to the study of photoemission quantum e�ciency (QE) of di↵erent chemical modifications

which includes:

– MgO and BaO thin films on Ag(100): The formation of a metal oxide thin film on

a metal surface reduces the WF of the surface and enhance the QE.[139]

– Cu13Ba and CuBa surfaces: The formation of a metal alloy by combining a low WF

highly reactive metal such as Ba with a high WF stable metal like Cu produces an alloy

that has similar WF and QE to the low WF highly reactive metal.[152]

– QE from Mg, Y and yttrium hydrides: Experimental measurements on the QE of

Y shows an unexpected low QE compared to Mg. The formation of yttrium hydrides on

the surface of Y shows to reduce significantly the QE of the surface.[153]

In this chapter, the impact in the workfunction due to the formation of niobium hydride (NbH2)

and the adsorption of O on the surface of Cu is studied.

6.1 Nb(100) and NbH2(100)

Experimental measurements of WF and computed WF using DFT have in general a good

agreement as shown in previous studies.[108, 109]. However, some exceptions have also been

observed and, in particular, experimental measurements of Nb(100) WF are found to be around

0.5 eV higher than the computed DFTWF.[109] The WF of a surface is very sensitive to surface

reconstruction or surface chemistry. The most common surface contaminants in a metal are
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the adsorption of H2, O2, H2O CO2, CO and hydrocarbons.[154] Gases such as H2 and O2 can

react with the metal leading to the formation of hydrides and oxides respectively.

In ultra-high vacuum (UHV) systems, hydrogen is a common background gas due to the high

mobility of hydrogen that allows its di↵usion from grain boundaries of the stainless steel that

made the UHV system.[155] In order to reduce the presence of hydrogen in an UHV setup,

the vacuum system undergoes a heating and degassing treatment. The origin of hydrogen in

a metal can occur in the production process, annealing, pickling or other cleaning process of

the pure metal ores in which hydrogen atoms dissolve in the metal and also in degradation

processes such as corrosion.[156] Therefore, the presence of hydrogen on the surface a metal is

commonly observed even after treatment of the surface.

Hydrogen in Nb has been found in very high concentrations of up to 50% near the surface

region by atomic-probe tomography, 40% using nuclear reaction analysis and 20% using elastic

recoil detection. Other techniques such as secondary ion mass spectrometry (SIMS) have also

indicate a high concentration of H at the surface region of Nb samples. On the contrary, the

concentration of H in the bulk has been reported to be lower than 1%. The reason for the

high concentration of H in the near-surface region is attributed to the high a�nity of H to

the structural defects and imperfections. This H trapping serve as nucleation centres for the

formation of Nb hydrides.[157]

Nb reacts with H2 to form a stable NbH2;

Nb+H2 �! NbH2 �H = �99.34kJ/mol (6.1)

The product is a metallic hydride that adopts the FCC structure, belonging to space group

225 (Fm3̄m), where H atoms occupies the tetrahedral sites as shown in Fig. 6.1 The position

of the Nb atoms in the (100) surface of NbH2 is identical to that of Nb(100) since the last one

adopts a BCC structure, belonging to the space group 229 (Im3̄m) with a lattice mismatch of

3%. This small mismatch is ideal for NbH2(100) to grow epitaxially on the surface of Nb(100)

as shown in Fig. 6.2. As shown in this figure, the position of the Nb atoms in the (100) surface
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Figure 6.1: Conventional cell of Nb and NbH2. Nb is depicted as green spheres and H is
depicted as white spheres.

of a BCC lattice and a FCC lattice is the same for both structures and therefore, the formation

of NbH2(100) on the surface of a Nb(100) single crystal is indistinguishable by techniques such

as X-ray di↵raction (XRD) or low-energy electron di↵raction (LEED).

Figure 6.2: Nb(100) and NbH2(100) surfaces. The red square indicates that the position of the
Nb atoms (green spheres) in the BCC Nb(100) and FCC NbH2(100) surface is the same. H is
depicted as white spheres.

The surface chemical composition of a photocathode is usually analysed using X-ray photoemis-

sion spectroscopy (XPS). It has been reported that the presence of H as a contaminant shifts

the binding energy of the Nb 3d5/2 peak from 202.2 eV ot 202.9 eV.[158] Other techniques such

as Raman spectroscopy reveal that the presence of Nb-H phases in Nb samples show two sharp

peaks at 1277 cm-1 ad 1385 cm-1.[157]

In this work, the electronic structure of Nb and NbH2 are calculated using the Density Func-

tional Theory (DFT) implementation in CASTEP 18.1. [69] Electronic exchange and corre-
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lation were computed using the PBEsol functional.[70] A planewave cuto↵ energy of 800 eV

and a dense Monkhorst-Pack grid of 16 ⇥ 16 ⇥ 16 was chosen to converge the bulk structure.

Structural details of Nb are in Section 5.1.2. The optimized NbH2 lattice parameter is found

to be 4.517 Å, which is in within 1% compared to previous experimental XRD values.[159]

For the study of the adsorption of H2 and the chemical formation NbH2 thin films on the surface

of Nb(100), a H2 molecule is calculated using the molecule in a box model, in which an isolated

molecule is simulated in a large empty box in order to calculate the properties of a molecule in

a periodic calculation code. A planewave cuto↵ energy of 800 eV was chosen to converge the

H bond and energy. The electronic properties were computed at the � point.

For the Nb(100) surface, a periodic slab model with 12 atomic layers is chosen so that the total

energy per atom converged to 0.1meV/atom and to prevent the interaction of hydrogen atoms

with the centre of the slab. The formation of NbH2 in Nb(100) consists on the addition of half,

1, 2 or 3 layers of H in the same tetrahedral sites that H occupies in NbH2. The H layers were

simulated in di↵erent regions of the slab, which are shown in Fig. 6.3.

In general, for all structures, the presence of H on the surface of Nb(100) increases the WF of

the surface and the WF decreases as function of the deepness of the H layer. If H is absorbed

below the third Nb atomic layer the WF of the surface is similar to the clean Nb(100). The

changes in WF can be analysed from a Mulliken population analysis or from a Bader charge

analysis.[160, 161] The higher electronegativity of H compared to Nb, induces the transfer of

charge from the Nb atoms to the H atom. When the H atoms are on the surface of Nb(100),

the charge transfer creates a dipole that points down inside of the slab and thus increasing

the WF of the surface. If H is beneath the first Nb layer, the charge transfer is larger from

the second layer to the H atom with a small contribution of the first Nb layer and therefore,

a smaller surface dipole that increases the WF is created. The change in surface dipole due

to the presence of the H atoms does not induce any modification of the surface dipole if H is

beneath the third Nb layer.

In order to estimate the the stability of each of the structures, the formation energy Eform of

the computed slabs can be calculated as
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Nb(100) ½ ML NbH2 1 ML NbH2

2 ML NbH2 3 ML NbH2

Nb(100)
Φ = 3.42 eV

H1
Φ = 5.14 eV

H2
Φ = 4.03 eV

H3
Φ = 3.79 eV

H4
Φ = 3.51 eV

H1-2
Φ = 5.16 eV

H1-3
Φ = 5.37 eV

H1-4
Φ = 5.09 eV

H2-3
Φ = 4.21 eV

H2-4
Φ = 3.94 eV

H3-4
Φ = 3.56 eV
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3H_bottom
Φ = 4.13 eV

1/2H1
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1/2H2
Φ = 3.64 eV

1/2H3
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Figure 6.3: Graphical representation of the Nb(100)/NbH2(100) slabs used in the simulations
of this work. Nb atoms are presented in green while H atoms are in white.

Eform = Eslab � (nNb ⇥ ENb)� (
nH2

2
⇥ EH2) (6.2)

where Eslab is the energy of the slab with the NbH2(100) layers, ENb and EH2 are the bulk Nb

and molecular H2 energies respectively, nNb and
nH2
2 are the number of Nb and H atoms in the

slab respectively, and A is the surface area of the slab.

However, the formation energy in Eq. 6.2 correspond to the formation energy at 0K and 0

pressure. To determine the equilibrium composition and geometry of the di↵erent structures

within a given environment at a finite temperature and pressure, the total-energy calculations

have to be transferred to more realistic conditions. Under di↵erent ambient preassure and
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temperature, the stable surface structure is determine by the statistical average of adsorption

and desorption processes.[162] The appropiate thermodynamic potential to describe this process

is the Gibbs free energy

G(T, P ) = H(T, P )� TS(T, P ) (6.3)

As a qualitative approximation, the Gibbs free energy for the slab and the bulk crystal are

computed at the athermal limit (T = 0), in which the entropic term S(T, P ) is ignored as it

is negligible compared to that of the gas, and hence the Gibbs free energy of the slab and the

bulk crystal can be approximated as the DFT energy EDFT . Therefore,

G(T, P ) = EDFT (6.4)

The surface free energy of the di↵erent Nb/NbH2 slabs can be defined as

�(T, PH2) =
1

2A


Eslab � nNbENb � nH2

1

2
µH2(T, PH2)

�
(6.5)

where µH2(T, PH2) is the chemical potential of H2 approximated as an ideal gas,

µH2 = EH2(T = 0) +�µH2(P
�
H2
)|T=T
T=0 + kT ln

✓
PH2

P �
H2

◆
(6.6)

The surface energy, which quantifies the energy required to form a surface, can be expressed

as a function of the H2 chemical potential µH2 or the H2 partial pressure PH2 at a finite

temperature as shown in Fig. 6.4 for a temperature of 298.15K. µH2 is obtained from the

CODATA tables.[163]

The adsorption of half a layer of NbH2 or one H atom per primitive unit cell, the surface

energy shows that H adsorbs preferentially on the surface of Nb(100) (1/2H1), followed by the

adsorption bellow the third Nb atomic layer (1/2H3). For the adsorption of a full layer of
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Figure 6.4: Surface energy as a function of the H2 chemical potential µH2 or H2 partial pressure
PH2 for half of NbH2 layer (top left), a monolayer of NbH2 (top right), a bilayer of NbH2

(bottom left) and a trilayer of NbH2 (bottom right) for di↵erent adsorption sites.

NbH2(100) on Nb(100), the surface energy is found to be the lowest for the formation of NbH2

below the 4th layer of Nb (H4) followed by the adsorption on the surface (H1). For both the

adsorption of half a layer and a full layer of NbH2, the adsorption below the first and second

layer of Nb is found to be the least energetically favorable adsorption site.

When a bilayer of NbH2 is adsorbed on the surface of Nb(100), the lowest surface energy is

found for the adsorption of a bilayer with the H atoms on the surface and under the surface

Nb atoms (H1-2). The surface energy is found to be lower when H atoms are adsorbed on the

surface. In general, the formation of a surface implies that atoms at the surface will have a

lower coordination and therefore, H can interact with the surface atoms. Moreover, the lower

surface energy of the formation of a bilayer of NbH2 on the surface (H1-2) compared to the
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formation of a monolayer on the surface and under the 4th Nb layer (H1-4) suggest that there

is a preference in the formation of thicker layers of NbH2.

The adsorption of 3 layers of NbH2, the exposition of the H atoms to the surface (3H top) is

found to have a lower surface energy compared to the adsorption that exposed the Nb atoms

to the surface (3H bottom).

In order to compare the surface energy of the di↵erent thickness of NbH2(100) in Nb(100),

the surface energy of half a layer (1/2H1), a monolayer (H1), a bilayer (H1-2) and a trilayer

(3H top) on the surface as well as one layer under the 4th Nb layer (H4) is plotted as a function

of the H chemical potential µH2 or H partial pressure PH2 in Fig. 6.5.
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Figure 6.5: Surface energy as a function of the H2 chemical potential µH2 or H2 partial pressure
PH2 for half a layer (1/2H1), one layer (H1), a bilayer (H1-2) and a trilayer (3H top) on the
surface as well as one layer under the 4th Nb layer (H4).

The computed surface energy as a function of PH2 shows that at a pressure lower than 4⇥10�18

atm, the desorption of H2 expose a clean Nb(100) surface. In between 4⇥10�18 atm and 3⇥10�12

atm, the formation of a bilayer of NbH2 with the hydrogen atoms on the surface has the lowest

surface energy. When the PH2 is higher than 3⇥10�12 atm, the formation of a thicker trilayer of

NbH2 on the surface lower is energetically favorable. The small PH2 required for the formation

of a bilayer or trilayer of NbH2 suggest that, even under UHV, it is likely that NbH2 is formed

on the surface of Nb.
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The presence of H on the surface of Nb(100) increases the computed WF from 3.42 eV to 5.16

eV for a bilayer of NbH2 and to 5.00 eV for a trilayer of NbH2 which is much higher than the

experimental WF of 3.97-4.18 eV.[114] When H is under the first Nb layer, the computed WF of

the monolayer is 4.03 eV, bilayer is 4.21 eV and trilayer is 4.13 eV, which is in better agreement

with the experimental reported values. However, the higher surface energy suggest that H

will be preferentially adsorbed on the surface. Nevertheless, it is possible that the equilibrium

between the adsorption and desorption of H may create regions in the crystal where Nb atoms

are exposed to the surface and thus lowering the WF.

6.2 O on Cu(100)

In the experimental mean transverse energy measurements done by the ASTeC group at the

STFC Daresbury laboratory, photoemission from Cu photocathodes was observed at incident

photon energies below previous theoretical and experimental WF as shown in Chapter 5. As

explained in this chapter, the WF is susceptible to the change in surface chemistry and/or

surface reconstruction. For example, Delchar found that the WF of the Cu (100) surface

increased from 4.6 eV to 4.9 eV in the presence of a (2
p
2 ⇥

p
2)R45� oxygen overlayer.[164]

Thus care must be taken when comparing the computed WF for an idealised model of a surface

and that measured on a particular sample.

Under real conditions, even in a strong vacuum, photocathode surfaces are not be perfectly

clean and oxygen and other molecules or atoms may be adsorbed on the surface or within the

material. The adsorption of oxygen on to the surface of Cu and the formation of oxide species is,

at the moment of this thesis, an active research topic. It has been well documented that oxygen

adsorbs dissociatively at room temperature on clean Cu surfaces while at low temperatures

oxygen is adsorbed as a molecule without dissociation. Under UHV conditions, the adsorption

of O do not induce any kind of surface reconstruction on Cu surfaces while under high oxygen

exposure the formation of oxide-like structures induces a surface reconstruction. The initial

stage and mechanism of the oxidation of Cu is, at the moment of this thesis, unclear.[165]
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In this section, a brief look at the influence of O on the surface of Cu(100) is done in an attempt

to clarify the discrepancies between the observedWF in the experimental measurements of MTE

and the computed WF. Table 6.1 summarises the WF (�), the change in WF (��) compared

to the clean Cu(100) surface and the adsorption energy EO
ads for di↵erent coverage and EO

ads is

calculated as

EO
ads =

1

NO

✓
EO/surface � Esurface �

NO

2
EO2

◆
(6.7)

Where NO is the number of adsorbed oxygen atoms, EO/surface is the total energy of the

adsorbate-surface system, Esurface is the total energy of the clean surface, and EO2 is the

energy of an isolated oxygen molecule. It is found that the lowest energy electronic ground

state configuration for an isolated oxygen molecule correspond to a triplet spin state. Average

adsorption energies are defined so a negative value indicates a thermodynamically favourable

adsorption process. The adsorption site of O on Cu(100) surface are shown in Fig. 6.6.

Figure 6.6: Adsorption sites of O on Cu(100). O atoms in red and Cu atoms in blue. Left,
adsorption of O atop of the Cu atoms (Top). Middle, adsorption of O atoms on the hollow
sites (Hollow). Right, substitution of a Cu atom for an O atom (substitution).

The EO
ads clearly shows that oxygen is preferentially adsorbed on the hollow sites compared to

the top sites. The general trends such as adsorption on the top site being energetically dis-

favoured and the hollow sites being energetically favourable agree well with previous work.[165,

166] It is also apparent that at lower coverages the adsorption energy increases for the surface

only sites indicate that the oxygen atoms repel each other and are not stable in such a con-

figuration. Under oxygen coverage higher than 0.5ML, experimental and theoretical studies
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suggest the formation of a missing row reconstruction structure with a (2
p
2 ⇥

p
2)R45� unit

cell and a chain of Cu atom vacancies along the [011] direction.[167] Another observation is that

the adsorption of oxygen creates a large surface dipole that points toward the surface and thus

increases the WF. The strength of the surface dipole is observed to increase with the number

of oxygen atoms adsorbed on the surface.

Table 6.1: WF and binding energy of oxygen atom on the (100) copper surface.

O/Cu(100) ML � �� EO
ads

(eV) (eV) (eV)
hollow 1.00 5.63 1.07 -0.69

0.50 5.55 0.99 -1.46
0.25 4.96 0.3 -2.17

top 1.00 9.02 4.46 2.55
0.50 8.66 4.10 2.54
0.25 7.94 3.38 2.68

substitution 1.00 4.13 -0.43 -

Substitution of an oxygen atom for a Cu atom on the surface of Cu(100) forms a pseudo

oxide layer that shows a reduction of the WF compared to the clean surface. The WF reduc-

tion of a metallic surface induced by an oxide over layer has been widely studied in systems

such as MgO(100) thin films on Ag(100).[139, 140, 141] Three distinct mechanisms have been

identified for the WF changes which are charge transfer, electrostatic compression and surface

reconstruction.[168] The two main e↵ects are the charge transfer and the electrostatic com-

pression. The charge transfer e↵ect is due to the transfer of charge from the metal oxide to

the metal substrate or in the other way, that induces a dipole that modifies the WF. In the

electrostatic compression e↵ect, the metal oxide thin film acts as a rigid wall that pushes the

electron density that spills out of the metal surface back to the metal thus changing the surface

dipole.[142]

Cu reacts with O to form two distinct oxides, CuO and Cu2O. CuO crystallized as a monoclinic

structure and Cu2O as cubic structure. The substitution of half of the Cu surface atoms by O

atoms changes the Cu-O bond length to 2.52 Å, which is much larger than the Cu-O bond in

CuO (1.94 Å) and Cu2O (1.86 Å). The large lattice mismatch between Cu oxides and Cu induce

the formation of complicated structures in order to minimized the distortion of the oxide. Soon
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et al. found that Cu2O could be formed on a (4⇥ 4) supercell of Cu(111) with a compression

on the Cu-O bonds of 2.1%.[169] Chiter et al., reported that the same structure could undergo

a long range reconstruction and that requires a (6⇥ 6) Cu2O(111) supercell matching a (7⇥ 7)

Cu(111) supercell to simulate.[170] This same study calculated the change in WF and found

that the WF remains unchanged compared to the clean Cu(111) surface upon the addition of

Cu2O thin films of di↵erent thickness. It is also suggested that, in early stage of oxidation, a

pseudo-oxide layer is form under the surface of Cu(111).[165] Therefore, while the formation of

a CuO layer can induce a WF reduction, the study of the formation and stability of a surface

oxide requires a detail and careful study.

6.3 Summary and conclusions

The workfunction (WF) is a property of the surface of a material that is very susceptible to

changes in the structure or the chemistry of a surface. While the comparison between density

functional theory (DFT) calculations of surfaces has shown in general good agreement with

experimental measurements done on single crystal, it is important to keep in mind that the

simulated idealized surfaces using the slab model are an oversimplification of a real surface. The

surface structure and chemistry of a real surface contains a number of imperfections that can

ultimately change the properties of a surface drastically and therefore, the comparison between

an idealize model of a surface and real surfaces breaks.

As shown in this chapter, the structural similarities of Nb(100) and NbH2(100) enable the epi-

taxial growth of NbH2 on the surface of Nb(100). It is found that NbH2 is formed preferentially

on the surface of Nb in agreement with previous experimental works. The adsorption of H on

the surface of Nb(100) increases the WF from 3.42 eV to more than 5 eV due to the formation

of a surface dipole that changes the surface potential. The computed WF when H is adsorbed

on the surface of Nb is higher than the experimental measurement but when H is underneath

the surface Nb atoms, the WF agrees with the experimental measurement.

The adsorption of O on Cu(100) shows a preferential adsorption on the hollows of the Cu(100)
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surface. The adsorption of O on the surface of Cu increases the WF by 1 eV when O is absorbed

in every hollow site and decreases to 0.3 eV when only a quarter of the hollow sites are occupied

by O atoms. The adsorption energy is found to be more negative (more favorable) for lower

coverage of the surface. When O subsitute one of the surface Cu atoms, it is found that this

reduces the WF of the surface which is similar to the e↵ect of metal oxide thin films on metal

surfaces described in the literature.

In this work, adsorption sites that can change the WF to that of the experimental mesurement

have been identified as potential explanations of the discrepancies between the computed DFT

WF and the experimental measurements. However, these adsorption sites have not been found

to be energetically favorable. Nevertheless, real surfaces have a number of defects that can

act as preferential sites for the adsorption of contaminants such as O and H. Therefore, the

study of surface chemistry is a complicated task since the number of di↵erent combinations

and possibilities are near impossible to quantify and further studies are required in order to

understand the impact of surface chemistry in the properties of real surfaces.
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Conclusion

In this thesis, the theoretical study of photocathode materials for Free electrons lasers (FELs)

has been achieved through the development of a photoemission model that predicts the quantum

e�ciency (QE) and mean transverse energy (MTE). This model combines the three-step model

and the one-model of photoemission with first principles electronic structure calculations as

described in detail in Chapter 4. Under real operation conditions, the photocathode is operated

under an external electric field. For this purpose, photoemission model developed in this work is

combined with the Fowler-Nordheim theory of field emission. The implementation of this model

as a computational tool enables the screening of di↵erent materials and surface modifications in

order to understand the e↵ect of surface chemistry and structural modifications from realistic

models of surfaces.

The basis for the computationally assisted discovery and optimisation of high performance

photocathodes is based on the fact that for complex surfaces it is di�cult to disentangle, using

experiment alone, how the composition, chemistry and structure of the surface determine the

QE and MTE. It is therefore of primary importance to have a predictive theory that can not

only compute the QE and MTE from realistic models of surfaces but that also facilitates an

analysis of the photoemission mechanism. The advantage of the model developed in this work

is that it enables a systematic study of the photoemission process from first principles electronic

structure calculations. The inclusion of a atom-by-atom decomposition enables the study of

108
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optical and transport properties of each constituent of the photocathode in the photoemission

process so that each parameter can be individually optimised.

Although design for the development of photocathodes for FELs, this photoemission model

can be used in the study of other photoemission and field emission related problems such as

the study of photocatalytic processes, photodetectors or the interpretation of angle-resolved

photoemission spectroscopy in materials characterisation.

In Chapter 5, the photoemission model developed in this work is compared to experimental

MTE measurements done by the ASTeC group at STFC Daresbury laboratory on single crys-

tal samples. The comparison of MTE shows a reasonable agreement with the Zr(0001) and

Nb(100). The comparison with the Cu(100), Cu(110) and Cu(111) shows that a better un-

derstanding of the surface science is required since the experimental measurements shows a

workfunction (WF) that is lower than the previous theoretical and experimental reported val-

ues. The computational simulations in this work are extended to estimate the QE and MTE

from Zr(0001), Nb(100), Mo(100), Cu(100), Cu(110), Cu(111) and poly-crystalline Cu, which

are in the range of previously reported values. The e↵ect of temperature and external electric

field is also studied for Cu.

In order to understand the limitations of the model, extensive computational and experimental

work is required. Nevertheless, despite of the discrepancies between the Cu surfaces, the com-

parison between the computed MTE and the experimental measurements indicates that the

photoemission model developed in this work can potentially aid in the design and development

of photocathode materials for FELs applications by speeding up the screening of materials.

In Chapter 6, the change in WF due to the adsorption of H on Nb(100) and O on Cu(100) is

studied. The WF is a surface property that is very susceptible to changes in surface chemistry.

The adsorption of H and O, which are common contaminant gases in experimental studies and

operational conditions of photocathodes, can change the surface properties of the photocathode

and therefore, change the WF drastically. In this work, the study of H in Nb(100) and O in

Cu(100) shows that H and O can have a important impact on the WF of the surface of a

material. Therefore, the surface chemistry and composition is an important factor to consider
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in the understanding of the performance of a photocathode.

7.1 Future Work

Starting from the photoemission model, in the current implementation, the eigenfunctions used

to calculate the transitions probabilities are calculated using Density functional theory (DFT),

which does not provide the best representation of the many-body interactions that involves

the photoemission process. DFT is chosen so that the model of realistic surfaces and chemical

modifications can be studied without a compromised on the computational resources. The

photoemission model developed in this work can be further extended to simulate photoemission

that include many-body e↵ects from approximations such as GW approximation in combination

with the Bethe-Salpeter equation (BSE) or time-dependent density functional theory (TDDFT).

The current implementation of the model relies on a simplistic electron scattering approxi-

mation to simulate the electron transport. This model, the inelastic mean free path theory,

assumes that the there is an average distance that an electron can travel before encountering

an elastic scattering event. The inelastic mean free path values has been well studied for high

energy electrons, in the order of hundreds to thousands of eV. However, in the range of energy

of interest for the development of photocathodes, which is in the order of a few eV, di↵er-

ent experimental and theoretical approximations show discrepancies that are near an order of

magnitude.[98] A clear understanding of the scattering mechanisms in photoemission is required

for the development of photocathodes with high QE that emit electrons from very deep layers.

In order to understand the extension and applications of the photoemission model developed

in this work, an extensive comparison with previous theoretical and experimental studies is

required. In this work, the MTE is compared to experimental measurements done by the

ASTeC group at STFC. However, the MTE itself does not provide a complete comparison and

experiments must be extended to also evaluate quantitatively the QE. This is also a fundamental

requirement in the development and discovery of new photocathode materials since the ideal

photocathode material has a low MTE while preserving a high QE.
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The improvement of QE can be achieved by increasing the excess energy of the incident photon

energies with respect to the workfunction of the photocathode. Several strategies has been

explored in previous studies for metallic photocathodes such as the deposition of Cs or the

deposition of metal oxide thin films. However, this strategy compromised the MTE of the

photocathode since, in general, it also increases with respect to the excess energy. Nevertheless,

the development of low WF photocathodes that operates in the visible light spectrum has the

advantage of that the incident photons can be directed to a specific region of the surface of

the photocathode. This increases the control on the surface morphology and chemistry of the

photoemission process since it enables a precise surface characterisation of the exact emission

region of the photocathode using atomic resolution surface characterisation techniques such as

scanning tunneling microscopy or atomic force microscopy.

Several materials in the literature has been studied as visible light photocathodes such as

alkali antimonides or Cesium tellurides.[171, 172] In previous theoretical and experimental

works on metal alloys that combines low WF alkaline or alkaline-earth metals with current

photocathode materials such as Cu or Mg has also reported values of WF that enables the

emission in the visible light region.[153, 173] Metal oxide thin films on metal surfaces has also

been widely studied as a strategy of reducing the WF of a surface.[140, 174, 175]. In particular,

the formation of BaO thin films on Pt has been theoretically predicted to reduce the WF of

the surface to a value as low as 1.63 eV.[176]
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[156] S. Evers, C. Senöz, and M. Rohwerder, “Hydrogen detection in metals: a review and

introduction of a kelvin probe approach,” Science and technology of advanced materials,

vol. 14, pp. 014201–014201, Mar 2013. 27877549[pmid].



BIBLIOGRAPHY 129

[157] N. Singh, M. N. Deo, M. Nand, S. N. Jha, and S. B. Roy, “Raman and photoelectron

spectroscopic investigation of high-purity niobium materials: Oxides, hydrides, and hy-

drocarbons,” Journal of Applied Physics, vol. 120, no. 11, p. 114902, 2016.

[158] S. J. Kerber, J. J. Bruckner, K. Wozniak, S. Seal, S. Hardcastle, and T. L. Barr, “The

nature of hydrogen in x-ray photoelectron spectroscopy: General patterns from hydrox-

ides to hydrogen bonding,” Journal of Vacuum Science & Technology A, vol. 14, no. 3,

pp. 1314–1320, 1996.

[159] G. Liu, S. Besedin, A. Irodova, H. Liu, G. Gao, M. Eremets, X. Wang, and Y. Ma, “Nb-h

system at high pressures and temperatures,” Phys. Rev. B, vol. 95, p. 104110, Mar 2017.

[160] R. S. Mulliken, “Electronic population analysis on lcao–mo molecular wave functions. i,”

The Journal of Chemical Physics, vol. 23, no. 10, pp. 1833–1840, 1955.

[161] W. Tang, E. Sanville, and G. Henkelman, “A grid-based bader analysis algorithm without

lattice bias,” Journal of Physics: Condensed Matter, vol. 21, p. 084204, jan 2009.

[162] K. Reuter and M. Sche✏er, “Composition, structure, and stability of ruo2(110) as a

function of oxygen pressure,” Phys. Rev. B, vol. 65, p. 035406, Dec 2001.

[163] J. D. Cox, D. D. Wagman, and V. A. Medvedev, “Codata key values for thermodynamics,”

1989.

[164] T. A. Delchar, “Oxygen Chemisorption on copper single crystals,” Surface Science,

vol. 27, no. 1, pp. 11–20, 1971.

[165] C. Gattinoni and A. Michaelides, “Atomistic details of oxide surfaces and surface oxi-

dation: the example of copper and its oxides,” Surface Science Reports, vol. 70, no. 3,

pp. 424–447, 2015.

[166] X. Duan, O. Warschkow, A. Soon, B. Delley, and C. Stampfl, “Density functional study

of oxygen on cu (100) and cu (110) surfaces,” Phys. Rev. B, vol. 81, no. 7, p. 075430,

2010.



130 BIBLIOGRAPHY

[167] X. Duan, O. Warschkow, A. Soon, B. Delley, and C. Stampfl, “Density functional study

of oxygen on cu(100) and cu(110) surfaces,” Phys. Rev. B, vol. 81, p. 075430, Feb 2010.

[168] J. Goniakowski and C. Noguera, “Polarization and rumpling in oxide monolayers de-

posited on metallic substrates,” Physical Review B - Condensed Matter and Materials

Physics, vol. 79, no. 15, pp. 1–5, 2009.

[169] A. Soon, M. Todorova, B. Delley, and C. Stampfl, “Oxygen adsorption and stability

of surface oxides on Cu(111): A first-principles investigation,” Phys. Rev. B, vol. 73,

p. 165424, Apr 2006.

[170] F. Chiter, D. Costa, V. Maurice, and P. Marcus, “Dft-based cu(111)——cu2o(111) model

for copper metal covered by ultrathin copper oxide: Structure, electronic properties, and

reactivity,” The Journal of Physical Chemistry C, vol. 124, no. 31, pp. 17048–17057, 2020.

[171] T. Vecchione, I. Ben-Zvi, D. H. Dowell, J. Feng, T. Rao, J. Smedley, W. Wan, and

H. A. Padmore, “A low emittance and high e�ciency visible light photocathode for high

brightness accelerator-based x-ray light sources,” Applied Physics Letters, vol. 99, no. 3,

p. 034103, 2011.

[172] R. Enomoto, T. Sumiyoshi, and Y. Fujita, “Test of various photocathodes,” Nuclear

Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,

Detectors and Associated Equipment, vol. 343, no. 1, pp. 117–120, 1994.

[173] V. G. Tkachenko, A. I. Kondrashev, and I. N. Maksimchuk, “Advanced metal alloy

systems for massive high-current photocathodes,” Applied Physics B, vol. 98, pp. 839–

849, Mar 2010.

[174] V. Chang, T. C. Q. Noakes, and N. M. Harrison, “Work function and quantum e�ciency

study of metal oxide thin films on Ag (100),” Physical Review B, vol. 97, no. 15, p. 155436,

2018.

[175] T. C. Droubay, L. Kong, S. A. Chambers, and W. P. Hess, “Work function reduction

by BaO: Growth of crystalline barium oxide on Ag(001) and Ag(111) surfaces,” Surface

Science, vol. 632, pp. 201–206, 2015.



BIBLIOGRAPHY 131

[176] S. Prada, U. Martinez, and G. Pacchioni, “Work function changes induced by deposition

of ultrathin dielectric films on metals: A theoretical analysis,” Phys. Rev. B, vol. 78,

p. 235423, Dec 2008.



Appendix A

Appendix

A.1 Bloch’s theorem

In order to prove the Bloch’s theorem[34], a translation operator TR is defined so when acting

on any function f(r) shifts the argument by R

TRf(r) = f(r+R) (A.1)

Since the Hamiltonian is periodic

TRH = H(r+R) (r+R) = H(r) (r+R) = HTR (A.2)

The result of applying two successive translations does not depend on the order in which they

are applied, therefore

TRTR0 (r) = TR0TR (r) = TR+R0 (r) =  (r+R+R0) (A.3)

Thus, for all Bravais lattice vectors R and the Hamiltonian H form a set of commuting op-

erators, the eigenstates can be chosen to be simultaneous eigenstates of all the translation
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operators

H = E (A.4)

TR = c(R) (A.5)

where c(R) are the eigenvalues of the translation operators, which can be rewritten as

c(R) = e2⇡ix (A.6)

If R is a general Bravais lattice vector given by Eq. 2.49, then

c(R) = c(a1)
k + c(a2)

l + c(a3)
m (A.7)

which is equivalent to

c(R) = eik·R (A.8)

where

k = x1b1 + x2b2 + x3b3 (A.9)

Here bi are the reciprocal lattice vectors that satisfy

bi · ai = 2⇡�ij (A.10)

Therefore,

TR =  (r+R+R0) = c(R) = eik·R (A.11)

A.2 Broyden-Fletcher-Goldfarb-Shannon algorithm

In the BFGS algorithm, the Hessian matrix, which is the square matrix of the second-order

partial derivatives of a function f(x), is approximated with a positive definite matrix B that is

updated from iteration to iteration using information computed in previous steps. The Hessian
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approximation B must satisfy the quasi-Newton condition

Bk+1�xk = yk (A.12)

The B matrix is updated at each iteration by adding two symmetric rank one matrices that

has the form of Uk = auuT and Vk = bvvT ,

Bk+1 = Bk + auuT + bvvT (A.13)

where u and v are linearly independent non-zero vectors and a and b are constants. Imposing

the quasi-Newton condition (Eq. A.12)

Bk+1�xk = Bk�xk + auuT�xk + bvvT�xk = yk (A.14)

By choosing u = yk and v = Bk�xk, the coe�cients a and b are

a =
1

yT
k�xk

b = �
1

xT
kBk�xk

(A.15)

and substituting back in Eq. A.13,

Bk+1 = Bk +
1

yT
k�xk

uuT
�

1

xT
kBk�xk

vvT (A.16)

and thus, updating the approximate Hessian at each iteration using only previous gradient

information. .tex


