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SUMMARY

In a bid to further improve the performance of photocathodes, and to identify excellent

photocathodes, much research has been undertaken to understand the emission properties at

a fundamental level. The quality of photocathode generated electron beam is fundamentally

dependent upon the quality in both transverse and longitudinal (i.e., temporal) directions of

the electron pulses produced by their front-end laser-driven electron gun. In the transverse

spatial dimension, a high quality (high brightness) electron pulse requires a low normalized

spatial transverse rms emittance. It is the aim of this thesis to facilitate and demonstrate a

dramatic improvement in the performance of spatial-resolved research instruments by investi-

gating selected robust photocathode materials exhibiting laser-driven emission with a low rms

transverse momentum ∆pT .

In this thesis, I present my contributions to this cutting-edge research field by investigating

high-brightness photocathodes, which could generate bright electron beam (high quantum effi-

ciency and low spatial emittance). The field of photocathode analysis connects the root mean

square transverse momentum of electrons from solid-state photocathodes to their electronic

band structures, which thereby provides the consistent theoretical groundwork geared towards

selecting high brightness photocathode materials for electron pulse generation.

xviii



CHAPTER 1

INTRODUCTION

Pulsed electron sources generated from laser-driven photoelectron guns are now key com-

ponents in several of today’s research instruments and facilities aimed at improving our un-

derstanding of materials, nanoscale systems, and molecular dynamics on fast timescales with

high spatial resolution. Ultrafast and femtosecond electron diffraction (UED and FED) [1–7]

have provided unprecedented temporal resolution at the atomic scale of laser-driven structural

changes (e.g., phase-changes, including melting) of both bulk [3, 4, 8–13] and nano-scale [14]

crystals, and in molecular reaction dynamics [15, 16]. Ultrashort (sub-picosecond) x-ray pulses

generated using short electron pulses in x-ray free electron lasers (XFELs), such as at the

Linac Coherent Light Source, are now able to provide diffractive imaging of atomic structure

dynamics [17–21]. The field of timeresolved electron microscopy [22–27], which has imaged re-

action front propagation in reactive multilayer foils [28] and the dynamics of phase transitions

[20, 29, 30], crystallization [31–34], and potentially nano-catalysts [35], is now being pushed

towards the ultrafast (i.e., subnanosecond) regime [25, 36–38]. An important experimental at-

tribute of these research instruments is their ability to acquire sufficient data on a single shot;

as a result, irreversible dynamic processes may be studied with high space-time resolution.

The performance of such cutting-edge research instruments is fundamentally dependent

upon the quality of the electron pulses produced by their front-end laser-driven electron guns;

1
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in particular, the transverse electron beam quality. In pulsed electron beam diffraction, the

transverse beam quality (or focal spotsize-divergence product) directly determines the fidelity

of the measured diffraction pattern, and hence the ability to observe time-dependent changes

to it. Future high brightness x-ray sources are expected to require an order of magnitude

improvement in the spatial quality of their front-end electron pulses [39] as this allows for a

stronger interaction over the length of the undulator region where the x-rays are generated

[40]. In single-shot time-resolved electron microscopy, the incident transverse electron beam

quality together with the (aberration-free) numerical aperture of the objective lens determine

the smallest focal spot size on the specimen, and hence the spatial resolving power since the

Rose criterion dictates that ∼1000 electrons/pixel on a CCD-based detector are required for

adequate image quality [41].

In the transverse spatial dimension, a high quality (i.e., high transverse brightness [42,43])

electron pulse is characterized by a low rms transverse emittance [44]; commonly defined as

εT = ∆x∆pT /(m0c), where ∆x is the rms transverse pulse size, ∆pT is the rms transverse

momentum of the electrons in the pulse, m0 is the free electron mass, and c is the speed of

light in vacuum. As the rms transverse emittance is conserved in propagation through perfect

(i.e., non-aberrating) electron optics [44], its value at the photocathode should be minimized.

However, the initial electron beam size, ∆xcath, is limited by either the optical laser focusing

conditions (perhaps also the photocathode optical damage threshold) or screening of the guns

acceleration field Ecath on the photocathode surface [42,45–48]. In the short pulse limit, when
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the incident laser pulse duration is less than the time of flight down the gun axis, the latter short-

pulse Child’s law limit restricts the photoemitted pulse charge to less than ε0Ecath(∆xcath)2,

where ε0 is the vacuum permittivity, if spatial and temporal electron pulse distortion is to be

avoided [42,49]. As a result, the limiting initial normalized transverse electron pulse brightness

is proportional to Ecath/(∆pT )2, which favors the use of RF photo-guns due to their much

higher acceleration fields. The alternative is to significantly reduce the rms transverse momen-

tum, ∆pT , of the electrons generated by the laser-driven electron source [50,51].

In the ideal metal approximation, in which the metal photocathode’s electrons are assumed

to have the free electron mass m0 and the associated pure parabolic energy dispersion, a remark-

ably simple expression for the rms transverse momentum can be derived analytically [52, 53];

∆pT0 =

√
m0(~ω−φ)

3 , where the excess photoemission energy ∆E = ~ω−φ and φ is the effective

work function of the photocathode surface. This expression is in good agreement with mea-

surements of ∆pT for those photocathode material for which the ‘ideal’ metal approximation is

reasonable [54], even though its analytical derivation also assumes a constant density of state,

which is only a good approximation if the Fermi energy EF � ∆E. The analytical derivation

of ∆pT0 in Ref [52] and [53] also writes the total electron momentum inside inside (pintotal) and

outside (pouttotal) as pintotal =
√

2m0(E + ~ω) and pouttotal =
√

2m0(E + ~ω − EF − φ) for the pho-

toemitted electron initially at a state energy E between EF−∆E and EF . From the momentum

consideration point of view, during the inelastic electron photo collision associated with photon

absorption (i.e., excitation of the electron to energy E + ~ω), this can not be the case since
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the initial electron momentum near the Fermi level p ≈ pF =
√

2m0EF is much greater than

the typical UV photon momentum ~ω/c. Indeed, for band-to-band electron excitation in solid

state materials, such as semiconductors [55], the photon momentum is generally neglected in

the description of the optical transition.

Moreover, the reality is that most metals do not have such a perfect spherical Fermi surface

and instead their band structures near Fermi level are much more complex. As a result, ∆pT0

is not generally in good agreement with experimentally determined values of the rms transverse

momentum, ∆pT,expt. [56], with larger deviations accompanied by more complex and distorted

band structures. In addition, the experimental ∆pT,expt. results do not support the notion that

∆pT is only a function of the excess energy ∆E; that is to say, there must be some other

factors that affect ∆pT . In fact, the ∆pT evaluation should be on a case-by-case basis as the

distribution of escaping electrons should be related to the real electric band structure and its

local density of states — physical effects that are also omitted in Ref. [52] and [53]. In order to

elucidate the fundamental role that the band structure (and its dispersion) plays in determin-

ing the emission properties of solid-state photocathodes, I will introduce a density functional

theory [57] (DFT) based photoemission ∆pT simulation which shows good agreement with the

experimental measurements of rms transverse momentum for the polycrystalline metals such

as Mg, Be, Mo, Cr, W, V, Ta, Nb, Ag and Cu [56]. It is also important to mention that poly-

crystalline samples used in Ref. [56] have arbitrary combinations of single crystal orientation on

their surfaces. Due to the fact that work function, band structure and local density of states are
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all dependent upon crystal orientation, it is almost impossible to ascertain how a polycrystalline

metal photocathode would behave in detail from atomic scale theory. Instead, it is possible to

determine the photoemitting electron states of single crystal and develop a theoretical model

to describe and predict its emission properties.

Density functional theory has been demonstrated as a powerful tool for the investigation of

both metal and semiconductor electronic properties. The purpose of the present investigation

is to provide a promising DFT-based photoemission model for both metal and semiconductor

photocathodes. With such a photoemission model, benchmarked to experimental data, the pre-

diction of the six-dimensional (three space and three momentum) properties of electron pulses

generated from photocathodes is possible, as is the potential to design photocathode materials

for particular emission attributes. The latter should be useful for UED, Ultrafast Electron

Microscopy (UEM) and FELs where performance improvements can be expected with reduced

divergence (i.e., brightness) electron pulses; in other words, through the use of photocathodes

with a low intrinsic transverse emittance and hence ∆pT .

In Chapter 2, I will introduce an overview of basic photocathode theory, which includes

the three-step and one-step photoemission models, an analytical derivation of ∆pT , quantum

efficiency and brightness, and ideal photocathode selection criteria. Importantly, the discus-

sion of the effect of the transmission flux over the work function barrier on the rms transverse

momentum of emitted electrons is directly applicable to the method of evaluating ∆pT in the
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presented photoemission model. Together with the electronic-structure calculations based on

DFT, this allows the complex emission properties of different metal photocathodes to be accu-

rately simulated.

In Chapter 3, I outline the DFT methods associated with evaluating the electronic prop-

erties of crystalline photocathodes as well as the algorithm of the DFT–based photoemission

model for simulating the intrinsic transverse momentum distribution of the photoemitted elec-

trons from photocathodes. I will present the details of the Ab initio method for band structure,

Fermi surface, and work function calculations. Emphasis is placed on how to relate the elec-

tronic properties of the photocathode material under investigation to the transverse momentum

distribution of the photoelectrons emitted from it. The resulting DFT computational analysis

can then be readily extended to the BCC, FCC and HCP metals to explain the lower than

expected values of ∆pT observed in the experimental measurements. In addition, the effect of a

finite electron temperature (Te) on ∆pT is also investigated by applying Fermi–Dirac statistics.

This effect is of great importance in understanding the temperature sensitivity of photocath-

odes. The presented DFT-based theoretical analysis clearly indicates that ∆pT is intrinsically

dependent on the material’s electronic band structure; that is, the characteristics of the state

or band from which the electron is photoemitted.

In Chapter 4, I apply the DFT photoemission model to determine the photoemission prop-

erties of body-centered cubic (BCC) photocathodes. A case-by-case based analysis of each BCC
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photocathode includes the calculation of (i) electronic band structures along high symmetry

points and lines, (ii) three and two dimensional Fermi surfaces in the first Brillouin zone, and

(iii) the work function of different crystal faces in the [110] zone. With a knowledge of these

electronic properties, I demonstrate the rms transverse momentum of alkali metals indeed agrees

with ∆pT0 =
√
m0(~ω − φ)/3 [52,53], because their parabolic bands and quasi-spherical Fermi

surfaces meet the analytical requirement of the prior analysis. This is especially true of potas-

sium — a near to perfect metal with its near spherical Fermi surface and free electron effective

mass close to the vacuum mass m0. Then I also apply the DFT photoemission model to de-

termine the emission properties of Group Vb (V, Nb, and Ta) and Group VIb (Cr, Mo, and

W) elemental metal photocathodes, and explain their lower than expected ∆pT values. As

various UV laser photon energies are used in different research groups, a calculation of the rms

transverse momentum as a function of photon energy, ~ω, at different electron temperature,

Te, will also be presented for the Group Vb and Group VIb photocathodes to compare with

and facilitate further experimental measurements. Moreover, I will explain why photoemission

from the Group Vb metals is predicted to be significantly less temperature sensitive than from

the Group VIb metals. Finally, I perform virtual crystal approximation calculation to build

MoxNb1−x crystal alloy system to show that such photocathodes which could generate contin-

uous ∆pT .

In Chapter 5, I concentrate on the different photoemission properties of face-centered cubic

metal photocathodes, such as noble metals (Cu, Ag and Au) and p-block (Al and Pb) transition
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metal FCC photocathodes. First, I determine the crystal structure and electronic properties of

the different groups. Unlike the BCC Group Vb and Group VIb photocathodes, FCC metals

exhibit obvious band structure and Fermi surface diversification among Groups VIIIB, IB and

IIIA, and this cause a large ∆pT variation. In addition, I present surface state photoemission

using Ag(111) as an exemplar, and derive a surface state photoemission model to simulate

the resultant ‘cone-like’ electron beam emission. This method extends the DFT–based model

and provides a means to analyze photoelectron beam generation from hollow cone illumina-

tion [58,59].

In Chapter 6, I explain the emission properties of hexagonal close-packed (HCP) metals.

First, I present the bulk properties and electronic properties of the 15 HCP metals; they include

two alkaline earth metals (Be and Mg) and thirteen d-block transition HCP metals (Cd, Co, Hf,

Os, Re, Ru, Sc, Tc, Tl, Ti, Y, Zn and Zr). Seven HCP metals (Be, Hf, Mg, Sc, Ti, Y, and Zr)

are selected as potential photocathodes from the 15 HCP metals according to the photocathode

selection criteria. Unlike BCC and FCC metals, one of the important characteristics of HCP

photocathode are their anisotropic properties; that is to say, HCP metals exhibit a strong pho-

toemission anisotropy due to the uniaxial nature of their electronic properties. I illustrate that

this photoemission anisotropy is reflected in the electron transverse momentum distribution for

(1010) face emission. In contrast, a symmetric transverse momentum results for emission from

the (0001) face. Emission from the (0001) face of all seven selected HCP metals is discussed,

and a more detailed analysis of Be(0001) photocathodes is presented where a robust surface
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state [60–64] can contribute to photoemission.

In Chapter 7, I introduce semiconductor photocathodes and a previous excited-state thermionic

emission measurement on a GaSb photocathode [65]. Armed with a background knowledge of

semiconductor photocathodes and the developed metal photocathodes model, I predict and eval-

uate the properties of a proposed extremely bright laser-driven photocathode electron source

— PbTe(111) single crystal which should have very low ∆pT for emitted electron pulses. The

DFT-based model is extended to p-type semiconductors in order to evaluate the properties of

such new photocathode materials selected for their optimal electron emission and robust oper-

ation under UV irradiation.

I also note that my work on the rms transverse momentum, ∆pT , of elemental metal pho-

tocathodes has allowed a database to be accumulated that should provide a benchmark for

the emission properties of photocathodes. This database is made available to the community

through a UIC sever; http://people.uic.edu/∼tli27/Database.html.

http://people.uic.edu/~tli27/Database.html


CHAPTER 2

PHOTOEMISSION PHYSICS

This chapter provides an overview of the theory behind photoemission on which my DFT

photoemission model is based. Section 2.1 will give an introduction to the photoemission ef-

fect, and Section 2.2 will address the photoemission models [52,66–68] and basic photocathode

theory concepts. In Section 2.3, I will discuss the boundary conditions, transmission flux, and

the theoretical formalisms for determining the rms transverse momentum, ∆pT , of the emitted

electrons. The latter parameter, ∆pT , will be discussed throughout the whole thesis and as it

plays an important role in describing the quality of the electron beam generated from a photo-

cathode. Section 2.4 will discuss the derivation of thermal emittance for photoelectric emission

followed by the three-step model, and approach to evaluating the quantum efficiency focusing

on D.H.Dowell’s theory [52] and J.F.Schmerge’s theory [53, 69]. In addition, a brief introduc-

tion to beam brightness will also included in this section. In Section 2.5, I will generalize and

outline the ideal photocathode selection criteria to give a common photocathode standard for

thermionic and photoelectric emission.

2.1 Introduction

In 1905, Albert Einstein published the paper ‘On the electrodynamics of moving bodies’ [70],

and theorized that the energy in each quantum of light was equal to the angular frequency (ω)

10
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multiplied by the reduced Planck constant (~). A photon above a certain threshold frequency

has the required energy to eject a single electron, creating the observed photoemission effect.

This discovery led to the quantum revolution in physics and earned Einstein the Nobel Prize in

Physics in 1921. His mathematical description of the photoelectronic effect can be written as

KEmax = ~ω − φeff , (2.1)

where KEmax is the maximum kinetic energy of a photoemitted electron in vacuum, also called

the excess energy (∆E), and φeff is the effective work function defined by the minimum energy

required to photoemit an electron from the surface. In the three dimensional case, the KEmax

is the summation of transverse electron kinetic energy (parallel to the photocathode surface)

and longitudinal electron kinetic energy (perpendicular to the photocathode surface),

KEmax = ∆E =
~pT0

2

2m0
+

~pz0
2

2m0
, (2.2)

where ~pT0 and ~pz0 are the electron transverse and longitudinal electron momenta in vacuum,

respectively. The maximum possible transverse momentum for the photomitted electrons, when

pz0 = 0, is simply given by

pT,max =
√

2m0∆E. (2.3)
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At this value of the transverse momentum, the transmission efficiency over the photoemission

barrier is zero since pz0 = 0.

2.2 Photoemission Models

The three step (semi-classical) photoemission model was first described by Berglund and

Spicer [71] in 1964. This model breaks down the complex process of photoemission into three

separate steps; (i) electrons are first optically excited into states of higher energy after photon

energy absorption, (ii) they transport in these intermediate states of the solid, with or without

scattering, and move to the surface of the solid, (iii) electrons transmit out of the solid and

escape into of the spectral vacuum. As shown in Figure 2.1, starting from energy scheme point

of view, after electrons with initial total energy E absorbing photon energy ~ω, electrons may

have large enough total energy to overcome work function potential barrier φ and transport to

vacuum if E is within the interval [EF − ∆E, EF ], where the Fermi level EF is the highest

energy level can be occupied inside solid, and the excess energy ∆E is defined as ~ω − φ. This

representation emphasizes that direct interband optical transitions are involved during the pho-

toemission processes; that is, it requires a real intermediate state where the intrinsically excited

electron is able to reside. The three-step model has been proved to be an effective tool for the

investigation of photoemission properties for GaAs [65], CsK2Sb [72] and Cu(111) [73].

The one-step photoemission model assumes an instantaneous emission into the vacuum via

a virtual excited state. As shown in Figure 2.2, the virtual state to which the absorbed photon
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Figure 2.1: Schematic of the three-step model of photoemission; 1) electron absorbs photon
energy ~ω. 2) it is transported to the surface in a real intermediate band, and 3) it escapes into
the vacuum. EF is the highest energy level an electron may have at zero temperature. The
blue region is the (EF −∆E, EF ) energy interval. φ is the work function, defined as the energy
offset between vacuum energy EV and Fermi energy EF .
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Figure 2.2: Schematic representation of one-step photoemission model. The virtual state is
above the Fermi level and plotted in dashed line. When the photon energy is high enough,
electrons are directly photoemitted.

energy ~ω excites the electron may photoemit when E + ~ω > EF + φ. The escaping electrons

will be those whose component of kinetic energy normal to the surface is sufficient to overcome

the work function potential barrier, other electrons are totally reflected back to the bulk. In the

UV photon energy regime, the momentum of the photon is small compared to the total electron

momentum and can therefore be neglected (~ω/c� ptot), allowing the electron momentum to

be unchanged during photon absorption inside the solid. At the vacuum-side interface, the

transverse momentum of electron is conserved in propagation into the vacuum, that is

~pT = ~pT0, (2.4)
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where pT and pT0 are transverse momentum in solid and outside, respectively. However, the

work function potential step reduces the component of the kinetic energy perpendicular to the

surface, so the longitudinal momentum is not conserved as the electron crosses the surface.

For an isotropic beam with electron effective mass m∗, one can write the overall energy

conservation as

~ω +
p2
z + p2

T

2m∗
= EF + φ+

p2
z0 + p2

T

2m0
, (2.5)

where pz and pz0 are the longitudinal momentum of the excited electrons normal to the surfacein

bulk and vacuum, respectively. When pz0 equals zero and the transverse momentum has its

maximum value pT,max =
√

2m0(~ω − φ), pz can be written as

p2
z = 2m∗[EF + φ− ~ω + (

1

2m0
− 1

2m∗
)2m0(~ω − φ)]

= 2m∗[EF −
m0

m∗
(~ω − φ)]

= p2
F − p2

T,max

pF =
√

2m∗EF ,

(2.6)

where pF is the electron momentum at Fermi level. Then the maximum value of the internal

photoemission angle, θmaxin , can be expressed as

tanθmaxin =
pT,max
pz

=

√
~ω − φ

(m
∗

m0
)EF − (~ω)

. (2.7)
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As (cosmaxin θ)2 = 1
(tanmaxin θ)2+1

, we have

cos2θmaxin =
1

∆E
m∗
m0

EF−∆E
+ 1

cosθmaxin =

√√√√(m
∗

m0
EF )−∆E

(m
∗

m0
EF )

where
m∗

m0
EF −∆E ≥ 0.

(2.8)

The above equation determines the possible directions of photoelectrons inside the crystal and

represents the one-step model photoemission criteria. Most metals’ photoemission in the vac-

uum ultraviolet (UV) regime can be simulated by the quantum mechanical one-step model. In

Appendix A, I present a more sophisticated derivation of θmaxin .

2.3 ∆pT Due to T (pz, pz0)

Electrons change their angles of propagation with respect to the interface or refract as they

move from the photocathode material to the outside vacuum. This is because the transverse

momentum pT is conserved at the solid-vacuum interface, whereas the longitudinal momentum

is not conserved due to energy conservation in this direction (z) — the effect of the work func-

tion barrier. So, both the conservation of transverse momentum at the surface (Equation 2.4)

and overall energy conservation (Equation 2.5) determine which electrons may be photoemit-

ted. Figure 2.3 depicts the electron momentum relationships for the instantaneous (one-step)

photoemission process that determine directly the range of the electron transverse momentum

distribution (and hence limit ∆pT ) of the photocathode emission. As discussed in Section 2.2,
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there is a virtual excited state which maintains the energy-momentum dispersion of the energy

band from which the electrons are photoexcited, and the excited electron can be emitted as

long as its total energy component perpendicular to surface is sufficient enough to overcome

effective work function in the (ijk) crystalline direction of photoemission. If all the excess

photoemission energy, ∆E = ~ω − φ, is in the transverse direction (emission angle of π/2),

the electron’s components in the vacuum are pz0 = 0 and pT,max =
√

2m0∆E. For transverse

momentum larger than pT,max, electrons are reflected back into the photocathode material from

the work function barrier.

Aside from conservation of transverse momentum and energy, the influence of a potential

step during the propagation of a beam of particles also needs to be considered carefully. There

is a net particle (electron) flow across the work function barrier, which can be derived by

differentiating the probability density, P (z, t) = |ψ(z, t)|2, so that the Schrodinger equation can

be written as

∂P (z, t)

∂t
+
∂j(z, t)

∂z
= 0, (2.9)
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Figure 2.3: Illustration of the escape conditions for the an instantaneous (one-step) photoe-
mission process. The photoelectron has transverse (longitudinal) momentum pT0 (pz0). The
electron inside photocathode has transverse (longitudinal) momentum pT (pz). The thick solid
lines give the openings of the internal and external escape cones, respectively. Transverse mo-
menta are labeled with right arrows, and the maximum transverse momentum is labeled with
left arrow.
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where j(z, t) is identified as the probability current. Assuming a plane wave is associated with

a constant (time-dependent) flux in the longitudinal direction, then the probability current can

be written as

j(z, t) =
~

2m∗zi
(ψ∗

∂ψ

∂z
− ∂ψ∗

∂z
ψ)

=
~

2m∗zi
(ψ∗

∂ψ

∂z
− c.c)

= |A|2 pz
m∗z

,

(2.10)

where m∗z is the magnitude of the local longitudinal effective mass, and the amplitude A is

given by
√
m∗zj/pz for a given value of the flux j. In longitudinal transmission direction

case, let us assume that an electron with longitudinal momentum pz inside photocathode is

incident upon an effective work function step of height φeff at the vacuum-cathode surface and

is transmitted into the vacuum with momentum pz0. The corresponding wave function and

boundary conditions are given by

ψin(z) = eipzz/~ + re−ipzz/~, inside photocathode

ψout(z) = teipz0z/~, outside photocathode

∂

∂z
ψin|z=0 =

∂

∂x
ψout|z=0

ψin|z=0 = ψout|z=0

(2.11)
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where r and t are reflected and transmitted amplitudes, respectively. Solving the above set of

equations, allows the transmission amplitude to be expressed as,

t =
2pz

pz + pz0
. (2.12)

The incident and transmitted fluxes as well as the transmittivity T are then given by

incident flux = |A|2 pz
m∗z

transmitted flux = |At|2 pz0
m0

T =
transmitted flux

incident flux
.

(2.13)

The solution of the above equations gives

T =
|At|2 pz0m0

|A|2 pz
m∗z

=
m∗z
m0

4pzpz0
(pz + pz0)2

1

m∗z
= |∂

2E(pT , pz)

∂p2
z

|,

(2.14)

where the magnitude longitudinal effective mass m∗z is used to account for both ‘electron-like’

(positive dispersion) and ‘hole-like’ (negative dispersion) of the emitting band(s). The close

relationship between the band dispersion E(~~k=~pz+~pT ) below the Fermi level in the photocath-

ode material and the photoemitted electron transmitted flux is clearly evident in Equation 2.14.
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Imposition of the boundary condition and derived transmission flux of electrons over the

photoemission barrier allows evaluation of ∆pT . The rms tranverse momentum of electron

beam is defined as [68,74]

∆pT,x =
√
< p2

T > − < pT >2, (2.15)

where the angle brackets refer to expectation values of p2
T over the entire beam, and usually for

planar photocathode, < pT >
2= 0. Using cartesian coordinates, < p2

T > can be written as

< p2
T >=

´ EF
EF−∆E

´ px,max
0

´ py,max
0

´ pz,max
pz,min

dpxdpydpzdE(p2
x + p2

y)
3/2h(E, px, py, pz)´ EF

EF−∆E

´ px,max
0

´ py,max
0

´ pz,max
pz,min

dpxdpydpzdE(p2
x + p2

y)
1/2h(E, px, py, pz)

h(E, px, py, pz) = T.n(E, px, py, pz)

(2.16)

where h(E, px, py, pz) is the momentum distribution function used to describe the ‘shape’ of

photoemitting electron states; it determines the distribution of possible photoemitting electronic

energy states in terms of the product of the local density of states (LDOS) n(E, px, py, pz) and

the transmission coefficient T . Equation 2.16 can also be simplified and expressed in terms of

a normalized numerical summation based on pT

< p2
T >=

Σ
E

Σ
pT

Σ
pz
h(E, pT , pz)p

3
T δpT δpzδE

2Σ
E

Σ
pT

Σ
pz
h(E, pT , pz)pT δpT δpzδE

, (2.17)

where pT =
√
p2
x + p2

y. Every quantity in Equation 2.17 is given by discrete value, and therefore

<p2
T> can be evaluated by accumulating the product of p3

T and its localized distribution divided
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by the normalization factor. According to the Equation 2.15, the rms transverse momentum

∆pT can then be evaluated by square root of Equation 2.17;

∆pT =

√√√√√ Σ
E

Σ
pT

Σ
pz
h(E, pT , pz)p3

T δpT δpzδE

2Σ
E

Σ
pT

Σ
pz
h(E, pT , pz)pT δpT δpzδE

. (2.18)

2.4 RMS Transverse Emittance, Quantum Efficiency and Brightness

The general definition of the rms transverse emittance [44,75] is given in

εT =
1

m0c

√
〈x2〉〈p2

x〉 − 〈xpx〉2. (2.19)

where 〈x〉 and 〈px〉 are the averages taken over the whole electron beam distribution of electrons

with respect to position x and momentum px, and c is the speed of light in vacuum. The above

question is very widely used in describing laboratory beams and simulating both theoretical

and experimental results [76]. In the transverse spatial dimension, improvements in producing

a high quality (more coherent) electron pulse is characterized by a reduction in rms transverse

emittance, which may be expressed as

εT =
1

m0c
∆x∆pT , (2.20)
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for a spatially symmetric beam where 〈xpx〉 = 0. Here ∆x is the rms transverse pulse size

and ∆pT is the rms transverse momentum. This quantity is conserved in a perfect (i.e., non-

aberrating) propagation system. As a reduction in the source size ∆x is limited either by the

laser spot size on photocathode or short-pulse Child’s law [77], ∆x ≥
√

Nqd
πε0VDC

, where N is the

number of electrons/pulse, VDC is the potential of DC gun, d is the DC gun acceleration gap, q

is the particle charge, and ε0 is the vacuum permittivity. Thus, significant improvements in the

quality of beam through a reduction in the rms transverse momentum ∆pT could be an ideal

route to ultra-bright photocathodes.

For single-photon photoemission, the standard theoretical expression of ∆pT [52, 68] is

∆pT0 =

√
m0(~ω − φ)

3
. (2.21)

Since this quantity is an intrinsic property of the emission source, Equation 2.21 seems to

indicate that the only chance to minimize ∆pT is to reduce the excess photoemission energy

∆E=~ω−φ; but in fact it is not so. The solenoid scan measurements of ∆pT,expt. conducted by

B.L.Rickman et al. on ten different elemental photocathodes with 4.75eV photons are clearly

inconsistent with Equation 2.21 [56]. In particular, the measured rms transverse momentum for

polycrystalline Ag (∆pT,Ag=0.235±0.005
√
m0eV ) and W (∆pT,W=0.150±0.005

√
m0eV ) differ

by a factor of ∼ 1.6 even though both their work functions are 4.64±0.02eV. Further, for the

Group Vb metals (V, Nb and Ta), ∆pT0 as given by Equation 2.21 would require a factor of
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∼5 reduction in the ∆E in order to be consistent with ∆pT,expt.. In Chapter 3, I will present

a photoemission analysis, using the full electronic band structure of the metal photocathodes,

that provides the explanation for this discrepancy.

The quantum efficiency (QE) is an important practical parameter for photoemission as it

signifies the probability of electron emission when a single photon strikes the photocathode—

the number of emitted electrons per incident photon. The QE is then the number of electrons

that could escape divided by the total number of electrons summed over excess energy and the

maximum solid angle times the fraction of laser energy actually absorbed in the cathode. The

analytical expression for QE determined by J.F.Schmerge [69] can be written as

QE = (1−R)

´ EF
EF−∆E

´ θmax
0

´ 2π
0 NelectronsinθdθdΦdE´ EF

EF−∆E

´ π/2
0

´ 2π
0 NelectronsinθdθdΦdE

, (2.22)

where Nelectron is the electron energy distribution which is assumed to be a Fermi-Dirac distri-

bution, θmax is the maximum angle that an electron can approach with respect to the surface

normal and be emitted, and R is the power reflectance of the laser radiation at the photocath-

ode surface which is angle and polarization dependent. In order to evaluate an exact quantum

efficiency value, Equation 2.22 must be numerically integrated, or it may be solved approxi-

mately with a simplified electron energy distribution. From the band theory point of view, in

the one-step photoemission model described in Section 2.2, the QE would then also be propor-
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tional to the integration of the product of the band density of states per volume per unit energy

n(E, ~p) and the transmission efficiency over the photoemission barrier T (E, ~p)

QE ∝
ˆ

Ωp

ˆ pmax

0

ˆ EF

EF+φ−~ω
n(E, ~p)T (E, ~p)p2dEd~pdΩp, (2.23)

where the transmission factor T (E, ~p) (Equation 2.14) is a function of longitudinal momen-

tum (pz and pz0). It is interesting to note that any changes to the transverse momentum of

the electrons inside the metal would have no effect on the QE. Thus, the QE is a measure of

the longitudinal momentum distribution, which agrees with D.H.Dowell’s conclusion about the

measurement of QE [52].

As a figure of merit of an electron beam, brightness (B) has been introduced using a number

of different definitions [78]. Conventionally, the brightness can be expressed in terms of the peak

current divided by the square of the transverse emittance [79, 80], which can be related to the

widely used definition of average brightness

B =
2I

π2ε2T
=

2Im2
0c

2

π2∆x2∆p2
T

∝ Ecath
∆p2

T

. (2.24)

The equation above indicates that brightness can be thought of as the peak current flux (I) per

unit of mean square transverse momentum. As the rms transverse emittance (εT = 1
m0c

∆x∆pT )

is conserved through perfect electron optics [44], its value should be minimized in order to

achieve a high brightness value. However, the initial electron beam size (spot size), ∆x, is
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limited by either the optical laser focusing conditions or screening the gun’s acceleration field

on the photocathode surface Ecath [76, 81–84] as presented in Chapter 1.

2.5 Ideal Photocathode Selection Criteria

Metallic photocathodes are very attractive and widely applicable in TEMs, DTEMs and

XFELs, because most of them are very robust and vacuum compatiable (allowing operation at

pressures of >10−9Torr), have good response time [85] (< 1ps) and long life time, and accept

higher than 100 MV/m surface electric fields; but they have a relatively high work function

(>4.00eV, and so need UV light) and a relatively very low QE (< 10−4). In the best of cases,

with special surface treatment [82], the QE is at most of the order of 0.1% using incident

photons at 266 nm. Unfortunately, this performances degrades as the photocathode surface

contaminates in the RF gun. The lifetime does not exceed few days; however, it is generally

possible to restore the initial properties. Nonetheless, the low QE of metallic photocathodes

implies the use of a high laser power density at the surface. In contrast, some semiconductor

photocathodes have relatively lower work function (work in visible light or UV light), and a

high QE (> 5%); but they require very good vacuum conditions (∼10−12Torr or better) such

as ultra-high vacuum (UHV) or even extremely high vacuum (XHV) [86, 87] to operate and

extend lifetime. Nowadays, the majority of effort to achieve a high quality electron beam is

directed towards high brightness photocathode materials, such as Group Vb metals [88], LaB6

semiconductor [89], and GaAs-GaAsP strain compensated superlattice [90] for the generation
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of spin polarized electron beams.

Although, in principle, almost all elemental metals could be employed as photocathodes

given the appropriate UV laser radiation source (i.e., incident photon energy), differences in

their physical and chemical characteristics will dictate their utility. Ideally, a photocathode

material should possess a work function that allows photoemission with readily available UV

laser sources, be robust and chemically stable, have a sufficiently high melting point, and be

free of magnetic effects:

1. Work function. Although modern laser systems are capable of generating radiation

throughout most of the infrared, visible, and UV spectral regions, the most readily accessible

wavelengths are the harmonics of solid-state lasers such as Ti:sapphire (emitting at ca. 800nm),

Nd:Yttrium Aluminum Garnet (YAG) (1064nm), and Yb:fiber based systems (∼1040nm). As

the efficient generation of harmonics shorter than ∼250nm is complicated by the availability

of suitable UV transparent nonlinear crystals, desired photocathodes have work functions less

than ~ω≈4.7 eV (i.e., the third harmonic of Ti:sapphire or the fourth harmonic of Nd:YAG).

2. Robustness, vapor pressure, and chemical stability. The metal photocathode should also

be hard enough to allow for a good surface figure to be attained by polishing (to avoid surface

roughness effects [91]), be vacuum compatible, and be sufficiently inert chemically to allow for

operation at vacuum pressures greater than 10−9 Torr (as routinely found in electron micro-
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scopes). The hardness criterion rules out for example potassium, sodium, and thallium, which

are soft metals, while the high vapor pressures of Cd and Zn ensure that they are not vacuum

compatible if the effects of desorption contamination are to be avoided [92]. Chemical stability

is also an important criterion, especially if surface oxidation causes a significant change in the

photocathode work function [93], for example, face-centered cubic metals Ca and Sr are ruled

out by this criterion.

3. Melting point and optical damage. Metal photocathodes with melting points above

∼1,000K are also preferred for short electron pulse generation as laser induced heating [65,94]

can be significant. Of course, this form of optical damage may be preceded by other forms of

laser radiation induced damage that are generally dependent upon the optical surface quality

of the photocathode.

4. Magnetism. Magnetic metals such as hexagonal close-packed metal Co, and the face-

centered cubic metals Ni and Fe, do not generally perform well as low emittance photocathode

materials, primarily because the trajectory of photoemitted electrons is strongly affected by the

metals’ local surface magnetic field [95].

From a practical point of view, the electron beam with an isotropic transverse momentum

distribution on the transverse plane is preferred instead of that with bivariate transverse mo-

mentum distribution. As will be shown in this thesis, this means that an ideal crystal orientation
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of the photocathode is one that has a symmetric electronic band cross section at the Fermi level;

for example, the (001) crystal orientation is preferred for BCC, FCC and (0001) for HCP metals.



CHAPTER 3

THE DENSITY FUNCTIONAL THEORY BASED PHOTOEMISSION

MODEL

In this chapter, I will present a first-principles analysis of photoemission from metal photo-

cathodes to demonstrate a strong band structure dependence to the rms transverse momentum

of the photoemitted electrons. As silver is a well known and widely used photocathode [96–98]

with a single band across the Fermi level, evaluation of its photoemission characteristics as

an exemplar provides a canonical test case that can be compared to both prior theoretical

and experimental results [71, 98–100]. In Section 3.1, I detail the Ab initio method, which

requires a fundamental knowledge of the electronic properties of the photocathode material

such as its band structure E(~k), LDOS n(E,~k) and work function φ(ijk). In Section 3.2, along

with introducing the DFT based photoemission model, I illustrate how the electron transverse

momentum distribution established as well as the method employed to extract ∆pT from the

crystal momentum map. In addition, I explain the electron temperature effect on the ∆pT .

30
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3.1 The Ab initio Method

First-principles calculations of electronic properties within DFT are carried out using the

PWscf code of the Quantum-ESPRESSO suite [101]. Ultrasoft pseudopotentials (USPP) with

the local density approximation (LDA) [102–104] are utilized to render the computations

tractable as well as to enhance efficiency. It is worth mentioning that the conclusions do

not vary if the generalized gradient approximation (GGA) is used instead [105]. In order to

deal with the sharp discontinuity in k-space between occupied and unoccupied states, we use

a Monkhorst-Pack [106] set of special k-points and Marzari-Vanderbilt smearing [107] with a

broadening of 0.02 Ryd. Relativistic, including spin-orbit coupling, approximations are included

for the 4d, 5d and 6p transition metals [108], where relativistic corrections to their electric prop-

erties are significant [109,110]. Non-relativistic calculations are performed on the other metals.

Density functional approaches typically focus on finding the minimum total energy for a

particular configuration, which means that convergence tests always need to be performed be-

fore calculating the real electrical properties. Even though more plane waves can be used to

describe the crystal system if more calculation accuracy is required, it is also necessary to find

a balance between computational cost and calculation accuracy. Therefore, for the optimal lat-

tice constant calculation, the experimental lattice parameter is first employed as the input, and

subsequently the convergence test is performed for the kinetic energy cut-off for wave-functions,

kinetic energy, charge density for the potential and the uniform grid of k-points to insure that



32

the ground state energy is within the energy convergence tolerance of 10−4eV (0.1meV).

For the case of Ag, the total energy is monotonically decreasing with increasing kinetic

energy cut-off — a behavior that is a direct result of the variational principle [111]. The total

energy asymptotically tends to its converged value at a 395 eV cut-off energy, which is enough to

guarantee ±10−4eV convergence tolerance. With the lattice constant and kinetic energy cutoff

fixed, the convergence of absolute energies with respect to a uniform k-point grid is guaranteed

by increasing the k-sampling points. The convergence result shows that a 15×15×15 k-point

grid is sufficient for the FCC silver to achieve the convergence tolerance. After computing the

total energy of the metal at lattice constant interval [aexpt.-0.50, aexpt.+0.50] Bohr in increments

of 0.01 Bohr (1 Bohr = 0.529 Å), the lattice constant with the minimum total energy was la-

beled as the metal’s theoretical lattice constant. My DFT calculated lattice constant, aAg,DFT

= 7.57 Bohr, is within 2% of the experimental value, aAg,expt. = 7.72 Bohr. The DFT evaluated

optimal lattice constant is used as the lattice constant input for the subsequent band structure,

Fermi surface, LDOS, and work function calculations. The FCC Ag crystal with the optimal

lattice constant is represented using XCrySDen [112] in Figure 3.1.

3.1.1 Band Structure and Local Density of States

For the band structure calculation, the algorithm is the following: 1) The k-path of in-

terest for band structure is generated using Xcrysden [112]. 2) A self-consistent field (SCF)

calculation [113] is performed using the theoretical optimized lattice constant to determine the



33

Figure 3.1: FCC Ag crystal structure with DFT calculated a=7.57 Bohr lattice constant. The
left panel is the top view; The right panel is (45o, 45o, 45o) aerial view. FCC structure has
lattice points on the faces of the cube, and each face gives exactly one half atom contribution
to the FCC unit cell. Together with the corner lattice points contributes, there are a total of 4
atoms per unit cell (1/8×8 from the corners plus 1/2×6 from the faces).

self-consistent density and potential. 3) A non-SCF calculation with the desired k-path and

number of bands is conducted to evaluate each chosen k-point’s eigenvalues and eigenvectors

(wave functions). 4) Finally, the calculated E(~k) data is extracted to produce a Fermi surface

file that can be read by GNUplot [114] along the high symmetry points and lines in the first

Brillouin zone. For the LDOS calculations, I employed the following procedure: 1) The lower

and upper energy values around the Fermi level (Emin and Emax) as well as the energy grid step

are first specified. 2) The first Brillouin zone is then sampled by an automatically generated

uniform k-point grid. 3) An improved tetrahedron method for Brillouin-zone integrations [115]
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and simple Gaussian energy level broadening [116] are therefore employed to calculate LDOS,

n(E,~k).

For the band structure calculation of Ag, 200 uniform k-points are chosen along the sym-

metry points and lines in the first Brillouin zone of the FCC system. The parameters used

to achieve the optimized lattice constant, a = 7.57 Bohr, are then used to perform the band

structure calculation. The result is shown in Figure 3.2 and is with 98% in agreement with

previous experimental E(~k) dispersion results [66, 71, 117]. The Ag energy band dispersion

curves E(~k) are plotted along the k-path Γ
∆−→ X

Z−→ W
Q−→ L

Λ−→ Γ
Σ−→ K in the first Brillouin

zone, where ∆, Z, Q, Λ and Σ are symmetry lines with the line lengths ΓX=2π/a, XW=π/a,

WL=
√

2π/a, LΓ=
√

3π/a and ΓK=3π/
√

2a, respectively. Due to the low-lying excited d-band,

the dispersions of the ‘electron-like’ bands that cross the Fermi level (dashed line) are generally

close to parabolic. Nonetheless, as shown in later chapters, it is often necessary to define an

effective mass at the Fermi level, m∗ = ~2(d
2E
dk2
|k=kF )−1, which gives 1.03±0.01m0, 0.39±0.01m0

and 0.94±0.01m0 [118] for the ∆1, Σ1, and Λ1 bands, respectively.

3.1.2 Fermi Surface

The calculation of Fermi surface proceeds as follows: 1) A SCF calculation is performed

to determine the Fermi energy using Gaussian smearing and Gaussian broadening for met-

als [116]. 2) A nx × ny × nz (nx,y,z are positive integers) uniform k-point grid is imposed on

the 3D irreducible Brillouin zone rather than the first Brillouin zone to dramatically reduce
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Figure 3.2: Ag band structure along high symmetry points. The Fermi level is shifted to zero
energy and labeled with a dashed line. In [001] (Γ1 → X) and [110] (Γ1 → K) directions, the
∆1 band and Γ1 band cross Fermi level. In the [111] (Γ1 → L) direction, the Λ1 is 0.77eV below
the Fermi level.

computational costs. The total number of k points (the value of nx×ny ×nz) should be larger

than 1000 in order to have sufficient data points to clearly vizualize the 3D Fermi surface. 3)

A band structure calculation is then performed using the nx × ny × nz uniform k points. 4)

The calculated E(kx, ky, kz) data is used to produce a Fermi surface file that can be read by

XCrySDen graphical user interface [112] in the first Brillouin zone.



36

Figure 3.3: Fermi surface of Ag in the first Brillouin zone. The polyhedron (black solid lines)
represents the first Brillouin zone of the FCC system. It consists of a near to perfect ‘belly’
sphere, centered at Γ point, which connects to the L point along the [111] direction.

The Fermi surface evaluation for Ag is based on a plane-wave basis set with 21×21×21

uniform k-grid points sampling the irreducible Brillouin-zone. The 3D Fermi surface of Ag as

well as the first Brillouin zone of a simple FCC lattice is shown in Figure 3.3 with the high

symmetry points and crystal faces labeled; the (001) surface and the (111) surface are perpen-

dicular to kz-axis and Γ − L axis, respectively. The radius of the principal sphere (‘belly’) is

2.81
√
m0eV along Γ–X. There is a ‘neck’ in the (111) plane (U–L–K). The shape of the ‘neck’

is a circle with a radius of 0.51
√
m0eV along L–K direction. Otherwise, the Ag Fermi surface

is quite spherical. For most photocathode materials, however, the crystal Fermi surface is quite
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complex and highly asymmetric (i.e., non-spherical and a multi-band combination) which can

increase the complexity of the electron emission analysis.

3.1.3 The Thin-Slab Work Function Evaluation

The work function φ of a metal is defined as the minimum energy to exact an electron from

the metal surface;

φ = Evac − EF , (3.1)

where Evac is the vacuum energy level, defined as the electrostatic potential outside the metal

surface, and EF is the Fermi energy. Thus, the value of work function can be evaluated for the

metal surface by determining the energetic difference between the vacuum and Fermi level using

the thin-slab technique [119–122]. Consequently, the calculation of work function is separated

into two parts; 1) calculation of the Fermi energy EF of the slab, which can be done through a

SCF calculation and 2) the evaluation of the potential energy at the vacuum level. The vacuum

length should be large enough to ensure that the average potential is nearly flat in the vacuum.

To summarize, the basic DFT procedure to assess the work function of metals is as follows:

1) Construct thin-slabs consisting of a film formed by a few atomic layers parallel the crystalline

plane (ijk) of interest. It is not straightforward to construct such a slab without visualizing it

first, particularly for high index crystal planes, so I employed XCrysDen to visualize crystalline

and supercell structures [112]. This ensured that all of the slab models studied were of the

correct crystal geometry. 2) Perform a SCF calculation to find the Fermi energy in the crystal-
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oriented slab. It is well known that the some equilibrium atomic positions in a crystal surface

may be different from those in the ideal bulk-terminated surface [123]. Therefore, if necessary,

a relaxation calculation is performed first at the beginning to find the equilibrium geometry of

the surface [124]. 3) Calculate the average of macroscopic potential to determine the vacuum

level. 4) Determine final work function by evaluating the difference in the Fermi and vacuum

level energies.

Figure 3.4: Polar plot of the photoelectric work function of Ag in [110] zone. Open circles
with ±0.05 eV error bars stand for the values of thin-slab calculated work function for the
high-index surfaces (112), (113), (114), (116), (221) and (331) as well as the low-index surfaces
(111), (100), and (110); solid circles stand for literature values [125]; the solid line stands for
4.75 eV photon energy.
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For the Ag work function calculation, I employ unrelaxed slabs consisting of 8-12 atomic lay-

ers separated by a 15 Å vacuum region, which is sufficient to ensure that both the vacuum and

average crystal potential reach equilibrium, thus allowing the work function to be determined

from the energetic difference within an accuracy of typically ±0.05eV. Even if significantly

more computational intensive surface relaxation effects are included, neither the LDA or GGA

exchange-correlation potentials appear to offer any less uncertainty than those of experimental

values [125, 126]. The calculated work function results are displayed in the form of a polar

plot from the (001) face to the (110) face in Figure 3.4, they are in good agreement with the

experimental data [125] (solid circles).

Knowledge of the photoelectric work function in the (ijk) crystalline direction is required

to determine which occupied states may contribute to photoemission and thus the efficiency of

electron photoemission from those states. There is clearly significant variation in φ(ijk) over a

range of about 0.3 eV from a minimum of 4.53 eV for the (110) face to a maximum of 4.83 eV

for the (116) face. For instance, for a photon energy ~ω = 4.75 eV (solid line in Figure 3.4), the

(111), (116) and (114) faces possess work functions greater than ~ω. As a result of this variation

in φ(ijk), a polycrystalline photocathode will, in general, generate an intrinsically inhomoge-

neous electron beam — some microcrystalline faces not emitting, while others emit with ranging

efficiency and different values of the rms transverse momentum ∆pT . I will detail the effect of

work function anisotropy on photoemitting energy states and incorporate this complexity into
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the DFT-based photoemission analysis of elemental metals presented in Chapters 4–6.

3.2 DFT-Based Photoemission Model

From a knowledge of the band structure of the metal photocathode (i.e., the electronic state

dispersion E(~k) and local density of states n(E,~k)) and the work function anisotropy φ(ijk),

it is straightforward to determine the momentum components of the photoemitted electron

and the weighted (by n(E,~k)) probability of its emission from a particular crystal face over

the work function barrier, T (~pz, ~pz0), where ~pz0 = ~ ~kz0 is the longitudinal momentum of the

emitted electron in the vacuum. As the momentum of the incident UV photon is negligible in

comparison to the momentum of the electron in the crystal (~k � ~ω/c) [50,56], the governing

energy-momentum relationship for an instantaneous (one-step) photoemission process involving

a virtual optically-excited state is

~ω + E(pz, pT ) = φ(ijk) +
1

2m0
(p2
z0 + p2

T ), (3.2)

where the Fermi level is defined as zero energy. In Equation 3.2, the electron momentum is

written in terms of its longitudinal component ~pz = ~ ~kz ( ~pz0 = ~ ~kz0) perpendicular to the (ijk)

emission surface in the metal (vacuum), and its transverse component ~pT = ~ ~kT parallel to the
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surface which is conserved during the emission process [44]. The flux transmission probability

over the work function barrier may be expressed as

T =
m∗z
m0

4pzpz0
(pz + pz0)2

;
1

m∗z
= |∂

2E

∂p2
z

|, (3.3)

where the magnitude of the local effective mass in the emission direction, m∗z, is used to account

for both ‘electron-like’ (positive dispersion) and ‘hole-like’ (negative dispersion) of the emitting

band(s). The close relationship between the band dispersion E(~~k = ~pz + ~pT ) below the Fermi

level in the photocathode material and the photoemitted electron momentum distribution is

clearly evident from Equation 3.2 and Equation 3.3. In particular, if the band dispersion re-

stricts electrons with high values of pT from being emitted (an imaginary pz0), then a reduced

value of the emitted rms transverse momentum ∆pT should result.

3.2.1 DFT-Based ∆pT Analysis

In this section, I show that the symmetry of the electron transverse momentum distribution

photoemitted from Ag(001) results from highly symmetric electron energy bands in Ag for the

(001) emission direction. The subsequent photoemission analyses presented in Chapters 4, 5,

6, and 7 show that such symmetric electron bands are not the norm.
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(a) (b)

Figure 3.5: Ag [100] (Γ→ X(100)) direction photoemission E(~p) states for the (001) transverse
crystal direction. The black solid line is the intersection of (100) plane of Brillouin zone. In
the left panel, the X(100) → Γ → X(001) plane colored contour represents the excess energy
states with energy increasing from EF −∆E to EF as the contour color becomes red. In the
right panel, the dashed lines indicate pT,max, and the colored contour means electronic states
that may photoemit with [100] as the pz direction and [010] as pT direction.

For each photoemission crystal face (ijk), there are in general two corresponding primary

transverse crystal directions and emission from the energy bands in these directions is evalu-

ated separately due to the directional dependence of the Brillouin Zone (BZ) intersection. As

shown in Figure 3.5 and Figure 3.6, for Ag(001) face photoemission, (010) and (110) are the

two primary transverse crystal faces. Their planar intersections with the FCC BZ generate

‘octagon-like’ (Figure 3.5) and ‘hexagon-like’ (Figure 3.6) two dimensional crystal momentum

cross-sections, respectively. With 4.75 eV incident photon energy (0.13 eV excess energy), using
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(a) (b)

Figure 3.6: Ag [100] (Γ→ X(100)) direction photoemission E(~p) states for the (110) transverse
crystal direction. The black solid line is the intersection of (110) plane of Brillouin zone. In the
left panel, the X(100)→ Γ→ K(110) plane colored contour represents the excess energy states
with energy increasing from EF − ∆E to EF as the contour color becomes red. In the right
panel, the dashed lines indicate ±pT,max, and the colored contours show the electronic states
that may photoemit with [100] as the pz direction and [110] as the pT direction.

.

Equation 2.3, the maximum transverse momentum is given by pT,max = 0.51
√
m0eV , which

is represented by the dashed lines in Figure 3.5(b) and Figure 3.6(b). At this value of the

transverse momentum, the transmission efficiency over the photoemission barrier, T (pz, pz0),

is zero since pz0 = 0. Applying the boundary conditions discussed in Section 2.3, the pho-

toemitting electron energy states confined by pT,max have ‘crescent-like’ shape and are plotted

in Figure 3.5(b) and Figure 3.6(b) using a colored energy contour palette from EF −∆E (blue)

to EF (red). As the transverse momentum pT is reduced, more electron states below the Fermi
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level can contribute to photoemission with those states nearest Fermi level having the largest

local density of states n(E,~k) for this ‘electron-like’ band and the highest values of T (pz, pz0).

As expected from the near spherical Fermi surface (Figure 3.3), the emission states are highly

symmetric about the emission direction [001] for Ag. Due to this high symmetry in Ag’s band

structure for the K
Σ←− Γ

∆−→ X path, the resulting weighted transverse momentum distribu-

tions of the photoemitted electrons are also nearly identical along the (010) and (110) crystal

momentum directions (Figure 3.7(a)).

(a) (b)

Figure 3.7: (a) pT distributions of Ag(001) crystal photoemission; transverse momentum distri-
butions of the photoemitted electrons in the (010) and (110) directions. (b) pT distributions of
Ag(110) crystal photoemission; transverse momentum distributions of the photoemitted elec-
trons in the (001) and (110) directions. The dashed lines are the Gaussian fits and guides to
eye.
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The rms transverse momentum ∆pT is readily evaluated from the photoemitting states

momentum-energy distribution showing Figure 3.8 by integrating over the product n(E, ~p)T (pz, pz0)

at constant pT followed by standarded methods to find the variance in pT . As shown in Fig-

ure 3.7, both the (110) and (010) emission faces’ data are well fitted to a normal distribution

e−p
2
T /2σ

2
independently (dashed line) to show that the pT distributions are close to ‘bell-shaped’.

The spatially averaged values of the rms transverse momentum ∆pT,(001) extracted from these

pT distributions using Equation 2.18 are both 0.202
√
m0eV for the (010) and the (110) trans-

verse momentum directions; both values are close to the 0.235
√
m0eV experimental value of

polycrystalline silver [56]. Furthermore, they are consistent with that predicted by prior anal-

ysis [52, 53]: ∆pT0 =
√
m0∆E/3 = 0.208

√
m0eV . This agreement is to be expected since

the analyses in Ref. [52] and [53] use spherically symmetric bands with an electron mass equal

to m0 and a constant density of states: All are good approximations for Ag(001) as the crys-

tal orientation has an effective mass 1.03±0.01m0 [99] at the Fermi level (within 3% of m0),

and its Fermi energy of 6.31 eV [127] is sufficiently greater than the employed 0.13 eV excess

photoemission energy which ensures that the approximation of a constant density of states is

reasonable.

For the case of (110) crystal face emission, there exists a slight asymmetry in the trans-

verse momentum distribution (Figure 3.7(b)) that results from the ‘dagger-like’ distribution

of photoemitting energy states (Figure 3.8(b)). With 4.75 eV incident photon energy (∆E =
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(a) (b)

Figure 3.8: (a) Ag(001) and (b) Ag(110) face photoemitting energy states contours. Crystal
momentum map of the electronic states (shaded regions) below the Fermi level (solid line) that
may photoemit within pT,max =

√
2m0∆E (dashed lines). For Ag(001), the transverse crystal

orientations are (010) and (110); for Ag(110), the transverse crystal orientations are (001) and
(110)

0.22 eV), the calculated ∆pT values are 0.174
√
m0eV and 0.169

√
m0eV for (001) and (110)

transverse momentum faces, respectively. The non-equal ∆pT values are due to the fact that

there exists a distortion to the otherwise near spherical Fermi surface in the (110) direction that

also is manifest in a significantly lower electron effective mass of 0.39(±0.01)m0 [99]. However,

the values calculated of ∆pT also differ from the experimental ∆pT value for Ag [56] by 26%.

That is almost certainly because the experiment in Ref. [56] used a polycrystalline Ag sample

whose most prevalent surface can be expected to be (001) [128]. Therefore, the properties of the

generated electron beam can be expected to be intrinsically dominated by the (001) direction
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photoemission rather than the (110) direction photoemission. In addition, both of these evalu-

ations of ∆pT are, of course, determined in the ‘zero temperature’ limit; that is, for an electron

temperature Te → 0, so that no electrons occupy states above the Fermi level. The experiment

was conducted at room temperature (Te → 300K), which will have higher ∆pT value than that

for zero temperature. In my DFT-based analysis, this restriction may be lifted by the inclusion

of the Fermi-Dirac function as discussed in the next section.

3.2.2 Temperature Dependence of ∆pT

So far, the evaluations of the rms transverse momentum have been determined in the zero

temperature limit; that is, for an electron temperature Te → 0 so that no electrons occupy states

above the Fermi level. For a temperature dependent DFT-based ∆pT analysis, the Fermi-Dirac

function fD(E, Te) = (1 + e(E−EF )/kBTe)−1 needs to be included, where kB is Boltzmann’s con-

stant, to describe the occupation of the electronic states around the Fermi energy EF , albeit

for the band structure evaluated for a ‘zero temperature’ crystal (i.e., where lattice vibrations

(phonons) are frozen out). K. L. Jensen, who first recognized the effect of electron temperature

on the angular integration part of electron transverse momentum [53], introduces the Fermi-

Dirac function fD(E, Te) as a temperature multiplier to < p2
T >, where E ∈ [EF −∆E,∞]. In

reality, the Fermi–Dirac function gives the distribution of identical fermions over single-particle

energy states, where no more than one fermion can occupy a state. When electrons with energy

E reside in an associated local density of states n(E, pT , pz) (i.e. the number of states per unit

energy range per unit volume), the average number of fermions per unit energy range per unit
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volume can be expressed as n(E, pT , pz)fD(E, Te).

In a real metal photocathode, electrons may distribute above the EF,Te=0 as the electron

temperature increases. Prior experimental results obtained for two-photon driven thermionic

emission from gold [129] indicate that laser-induced heating [130] of the electron distribution

in metal photocathodes does indeed increase the emitted ∆pT — an effect that is generally

overlooked in both direct current and radio frequency (RF) guns. In the sub-picosecond ultrafast

limit, the effect of such laser-induced heating is readily evaluated since it typically takes a

few picoseconds for the heat deposited into the electron distribution to be transferred to the

phonons [131]. Therefore, the temperature multiplier fD(E, Te) should be brought into the pT

integration over the transverse momentum distribution for the interval E∈[EF −∆E,∞], giving

the following electron temperature dependent expression for <p2
T>;

< p2
T >=

´∞
EF−∆E

´ px,max
0

´ py,max
0

´ pz,max
pz,min

dpxdpydpzdE(p2
x + p2

y)
3/2n(E, px, py, pz)fD(E, Te)´∞

EF−∆E

´ px,max
0

´ py,max
0

´ pz,max
pz,min

dpxdpydpzdE(p2
x + p2

y)
1/2n(E, px, py, pz)fD(E, Te)

,

(3.4)

where px,max, py,max and pz,max are the maximum values for the momenta of three principal

directions, f(px, py, pz) is the electron distribution, and pT =
√
p2
x + p2

y. The above equation

can be simplified and modified for numerical means in terms of summations using step changes

for pT , pz and E (δpT , δpz and δE);

∆pT =

√√√√√1

2

Σ
E

Σ
pT

Σ
pz
f(pT , pz)p3

Tn(E, pT , pz)fD(E, Te)δpT δpzδE

Σ
E

Σ
pT

Σ
pz
f(pT , pz)pTn(E, pT , pz)fD(E, Te)δpT δpzδE

. (3.5)
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(a) (b)

Figure 3.9: ∆pT (~ω) of Ag(001) and Ag(110) at 0K, 300K and 1234K (the melting point [132]).
The data points are the DFT photoemission model extracted ∆pT values as a function of
~ω. (a) ∆pT (~ω) of (010) transverse momentum face for Ag(001). (b) ∆pT (~ω) of (110)
transverse momentum face for Ag(110). The solid lines (blue and red dot-dashed lines) are the
∆pT = A

√
m0∆E fit to the Te → 0K (T=300K and T=1234K) data points. The black dashed

lines are the expected form of ∆pT0 =
√
m0(~ω − φ)/3 from Refs. [52] and [68]

Figure 3.9 shows the dependence of ∆pT on the incident photon energy ~ω for Ag evaluated

by the discussed DFT-based photoemission simulation at three different electron temperatures

Te; 0K, 300K, 1234K (the melting point of silver [133]). In keeping with the prior photoemis-

sion analyses, which give ∆pT0 =
√
m0(~ω − φ(ijk))/3 (dashed line), a least squares method

is used to fit the function pT = A
√
m0(~ω − φ(ijk)) (solid line) to the Te → 0K DFT-based

data points. The extracted values of A are 0.540 and 0.427 for Ag(001) (Figure 3.9(a)) and

Ag(110) (Figure 3.9(b)) face emission, respectively. The blue dot-dashed lines, just above the

solid line, show the fits to the result of calculating ∆pT (~ω) for the Ag(001) and Ag(110) faces
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TABLE I: Summary of emission property results for Ag(001) and Ag(110).

Metal pz direction pT direction A(0 K) A (300 K) A (1234 K)

Ag 001 010 0.540 0.558 0.638
Ag 001 110 0.540 0.558 0.638
Ag 110 001 0.427 0.432 0.458
Ag 110 110 0.420 0.428 0.456

with the DFT-based photoemission simulation when Te = 300K (data points not shown). The

increase (or change) in ∆pT is only around 3.2% in this case since ∆E and EF are both much

greater than kBTe; that is to say that the additional partially populated states above the Fermi

level are a small perturbation in the photoemission simulation. When Te is at silver’s melting

point 1234K, kBTe is equal to 0.106eV and the effect of the higher electron temperature results

in an increase in ∆pT of around 11.4% for Ag(001) and 6.0 % for Ag(110) in ∆pT with cor-

responding A values of 0.638 and 0.458 shown in Table I. As ∆E for Ag(001) is smaller than

for Ag(110), increasing electron temperature will have less effect on ∆pT,(110) and ∆pT,(001)

as reflected in Figure 3.9. We note that the Boltzmann tail of the Fermi-Dirac distribution

will allow photoemission for ~ω < φ(001) [134], essentially photo-assisted thermionic emission

with ∆pT ≈
√
m0kBTe = 0.177(m0eV )1/2 for Te=300K, but this effect is not considered here

as the emission efficiency is much reduced. Furthermore, although the relative efficiency of

different crystal faces of the same metal photocathode could be determined, the DFT-based

photoemission analysis as described cannot determine the absolute emission efficiency since

electron scattering rates that limit the lifetime of the virtual excited electronic state have not
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been included.



CHAPTER 4

BODY-CENTERED CUBIC METAL PHOTOCATHODES

In Chapter 3, the DFT-based photoemission model has been introduced in detail. The pur-

pose of this chapter is to investigate the emission properties for Alkali, Group Vb and Group

VIb body-centered cubic (BCC) elemental photocathodes as well as to demonstrate the ef-

fect of band structure, work function, and electron temperature on the emission properties of

BCC metal photocathodes. The results not only indicate the reasons for the previous standard

model’s success in explaining photoemission from idealized metal photocathodes (the alkali

metals) [52,53], but also explain the lower than expected ∆pT measurements for Group Vb (V,

Nb and Ta) and VIb (Cr, Mo and W) BCC metals [50,54].

In Section 4.1, the prior theoretical approaches and the DFT-based photoemission simu-

lations will be compared using potassium as an exemplar. In Section 4.3 and Section 4.2, I

will introduce the more practical BCC elemental photocathodes (Group Vb and Group VIb)

and show the influence of their band complexity on photoemission. A comparison between

Vanadium Group and Chromium Group metals shows a strong temperature insensitivity for

the Vanadium Group photocathodes. In section 4.4, I will present an example of photocathode

design using the BCC MoxNb1−x alloy, which is able to generate a continuous variation in ∆pT .

52
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4.1 Alkali Metals

The alkali metals are the first group of the periodic table and have only one electron in their

outer shell. They do not occur freely in nature, because these soft metals readily lose their

outer electron in ionic bonding with other materials; that is to say, they may chemically inter-

act before and after inserted into the a laser-driven electron gun, and so do not meet the ideal

photocathode criteria (See Section.2.5). Even though alkali metals are not ideal photocath-

odes, they are of particular importance for understanding the conditional accuracy of Dowell’s

expression for ∆pT which is derived based on a parabolic relationship between the electron’s

energy E and its wave-vector ~k.

Figure 4.1: BCC Brillouin zone
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Figure 4.2: DFT calculated band structure of potassium along high symmetry points and lines
of the first BZ of the BCC lattice. The horizontal line at zero energy represents the calculated
Fermi energy. The ∆1, Σ1, and Λ1 bands cross the Fermi level.

The energy bands and Fermi surfaces of alkali metals have been the object of many theo-

retical investigations [135, 136]; the similarity of the alkali metals to ideal metals provides an

opportunity for a quantitative test of the nearly free electron model as a description of the elec-

tron band structure of a solid. Among these monovalent metals, the Fermi surfaces of sodium,

potassium and rubidium are closest to spherical; lithium and cesium, on the other hand, are

believed to have relatively more anisotropic Fermi surfaces [137–140]. Experimentally, A.C.

Thorsen and J.O. Reitz have performed de Haas-van alphen (dHvA) and transverse magnetore-

sistance measurements on potassium, and the results show that the effective mass of electrons
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(a)Li (b)Na (c)K

(d)Li (e)Na (f)K

Figure 4.3: Alkali Metal Fermi surface. Two projected ((a)—(c) and (d)—(f)) of the alkali
metal reciprocal lattice showing the shape of Li, Na, and K Fermi surfaces.

in potassium is close to the free electron mass (m∗ ≈ m0), and that potassium could be used as

an idealized metallic model for free conduction electrons. Thus, the free-electron model [141]

can be a suitable starting point for the evaluation of the potassium Fermi surface.

In alkali metals with the BCC crystal structure, where the Bravais cell of side a contains two

atoms with one free electron each, the Fermi surface is inside the empty-lattice in the extended-
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zone scheme. When working in the reduced-zone scheme, the Fermi surfaces of individual bands

are obtained by reducing the Fermi surface to the first Brillouin zone (See Figure 4.1). Among

the points located on the boundaries of the rhombic dodecahedron Brillouin zone of the BCC

lattice, the face center at N=2π
a (1

2 ,1
2 ,0) is closest to the zone center at 0.712π

a from the Γ point,

while the face corner at H=2π
a (1,0,0) is furthest from the Γ point.

Our DFT calculation optimized lattice constant a for K is 9.51 Bohr, which differs from

aexpt. = 9.88 Bohr by only 3% [142]. In the ground state, a system of N electrons occupies

states with the lowest possible energies; all the occupied states lie inside a sphere of radius kF ,

and the energy at the surface of this sphere is defined as the Fermi energy EF . The magnitude

of the wavevector kF and the Fermi energy are related by the equation EF =
~2k2F
2m0

, and the

radius of the Fermi sphere is expressed as

kF =
2π

a
(
3z

4π
)1/3, (4.1)

where z is the number of free electrons per atom; for potassium case, z=1. According to the

equation above, the Fermi momentum in the monovalent metal is pFermi = 2.137
√
m0eV [143].

This is 10% smaller than the distance ΓN = 2.437
√
m0eV , which means that the Fermi sphere

is entirely inside the first BZ. The calculated band structure for Li, Na, and K, shown in Fig-

ure 4.2, clearly indicates that photoemission in the [001], [110] and [111] directions will be

associated with the near parabolic ∆1, Σ1 and Σ1 bands, respectively. Further, the potassium
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Fermi surface (See Figure 4.3) result obtained by our DFT calculation shows that the Fermi

momentum is 2.161
√
m0eV , which differs from pFermi by only 1.12%, and that the associated

electron effective mass at the Fermi level is within 10% of m0.

Figure 4.4: Polar plots of the photoelectric work function of alkali metals (Li, Na and K) in
[110] zone.

Besides the idealized Fermi surface and band structure, potassium also possesses almost

isotropic work function values. The [110] zone polar plots of Figure 4.4 show the DFT cal-

culated work function values for Li, Na, and K evaluated using the thin-slab method (open

circles). The solid circles indicate the available experimental results [142,144–147], which are in

good agreement with the DFT calculated results. Potassium has relatively low work functions

(generally <3.0 eV) which would allow photoemission using green laser light. Except for the

(110) crystal face, the work function deviation among the other faces is within ±0.1 eV for

all the metals; that is, the value of the work function does not show strong crystal orientation

(ijk) dependence. If the Fermi energy is defined as the zero energy level, for photoemission from
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the (001) face of K with an excess energy ∆E=0.3 eV (φ(001) = 2.39 eV, ~ω = 2.69 eV), the

maximum internal angle for which an electron can escape is θinmax = 19.51o (See Equation 2.7).

This is consistent with the confined internal photoemission angle θinmax,DFT = 19.73o determined

from the DFT model as shown in Figure 4.5. As it clearly should, the intrinsic isotropy of alkali

metals’ band structure, Fermi surface, and work function will result in isotropic photoemission

properties.

Figure 4.5: Photoemission analysis for emission from the (001) face potassium when ~ω = 2.69
eV and φ(001) = 2.39 eV. Cartesian coordinates are in units of

√
m0eV . In the left panel, the

concentric circles are the energy contours from EF −∆E (blue line) to EF (red line). In the
right panel, the red circle with radius 2.161

√
m0eV is photoemission Fermi surface intersection

on (001) plane; the ‘circular sector’ represents the electronic states which may photoemit with
pT,max = 0.775

√
m0eV .
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Figure 4.6: Results from the DFT-based photoemission analysis for the (001) face of the alkali
metals (Li, Na and K).
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The first two columns of Figure 4.6 display the result of the DFT-based photoemission sim-

ulation for the (001) face of potassium, sodium and lithium when the incident photon energy

is 2.69 eV. The first column shows the electronic states that contribute to the photoemis-

sion (shaded region) below the Fermi level (solid line) along two crystal momentum directions

((010) and (110)) transverse to the (001) emission direction. As expected from the near spher-

ical Fermi surface, the emission states are highly symmetric about the emission direction for

this metal. The dashed lines in the first column of Figure 4.6 indicate the maximum possible

transverse momentum for the photoemitted electrons, which is defined as pT,max =
√

2m0∆E.

At this value of the transverse momentum, the transmission efficiency over the photoemission

barrier, T (pz, pz0), is zero since pz0 = 0, so that the transverse momentum distributions of the

emitted electrons terminate at pT,max.. As the transverse momentum pT is reduced, more elec-

tron states below the Fermi level can contribute to photoemission with those states nearest the

Fermi level having the largest local density of states n(E,~k) and the highest values of T (pz, pz0).

Due to the high symmetry of the alkali metals’ band structures, the resulting weighted trans-

verse momentum distributions of the photoemitted electrons are also nearly identical along the

(010) and (110) crystal momentum directions (second column of Figure 4.6). The spatially-

averaged values of the rms transverse momentum ∆pT extracted from these pT distributions

for (001) emission of alkali metals are shown in Table II. The extracted ∆pT are consistent with

those predicted by the prior analysis of Dowell and Jensen [52, 53], ∆pT =
√
m0∆E/3. This

agreement is to be expected since the previous analysis uses spherically symmetric bands with
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an electron mass equal to m0 and a constant density of states: all are good approximations for

Li, Na, and K as they have an effective electron mass at the Fermi level within 10% of m0 [148],

and their Fermi energies [127] are sufficiently greater than the employed excess photoemission

energy which ensures that the approximation of a constant density of states is reasonable.

TABLE II: Emission properties of alkali metals with ∆E=0.3 eV.

∆pT0 (
√
m0eV ) ∆pT,DFT (

√
m0eV ) A crystal face

Li 0.316 0.286 0.523 (001)
0.286 0.316 0.523 (110)
0.316 0.286 0.523 (111)

Na 0.316 0.286 0.523 (001)
0.286 0.316 0.523 (110)
0.316 0.286 0.523 (111)

K 0.316 0.286 0.523 (001)
0.286 0.316 0.523 (110)
0.316 0.286 0.523 (111)

The dependence of ∆pT on the incident photon energy ~ω determined by the DFT-based

photoemission simulation is also in close agreement with the analysis in Refs. [52] and [68]. The

third column of Figure 4.6 shows this dependence using a fit (solid line) to the DFT-derived

data points of the form ∆pT = A
√
m0(~ω − φ(001)) (dashed line) for (001) emission. The

extracted values of A differ from 1/
√

3 by only 10%. Both of these evaluations of the rms

transverse momentum are, of course, determined in the zero temperature limit; that is, for an

electron temperature Te → 0 so that no electrons occupy states above the Fermi level. In our

DFT-based analysis, this restriction may be lifted by the inclusion of the Fermi-Dirac function

f(E) = 1/(1+exp[−(EF −E)/kBTe]) to describe the occupation of the electronic states around
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the Fermi energy EF , albeit for the band structure evaluated for a ‘zero temperature’ crystal

(i.e., where lattice expansion and vibrations are neglected). The dot-dashed line in third col-

umn of Figure 4.6, just above the solid line, shows the fit to the result of calculating ∆pT (~ω)

for the (001) face with the DFT-based photoemission simulation when Te=300K (data points

not shown). The increase (or change) in ∆pT is only of the order of 1% in this case since

∆E and EF are both much greater than kBTe; that is to say that the additional partially

populated states above the Fermi level are a small perturbation in the photoemission simula-

tion. We note that the Boltzmann tail of the Fermi-Dirac distribution will allow photoemission

for ~ω < φ(001) [65], essentially photo-assisted thermionic emission with ∆pT ≈
√
m0kBTe for

Te=300 K, but this effect is not considered here as the emission efficiency is much reduced. In

addition, the DFT-based photoemission analysis as described cannot determine the absolute

emission efficiency since the matrix element for photoexcitation into the virtual excited elec-

tronic state and electron scattering rates that may limit the lifetime of that emitting state have

not been included.

In summary, the DFT-evaluated emission properties of alkali photocathodes are in agree-

ment with prior analytical expressions of ∆pT within a 9% error. In Sections 4.2 and 4.3, I will

outline the same photoemission analysis for the single crystal orientation (001) of Group Vb

(V, Nb and Ta) and Group VIb (Mo, Cr and W) photocathodes, for which previous analytical

method have not provided accurate values for ∆pT .



63

4.2 Group VIb Photocathodes

Several authors [149–152] have carried out electron band structure calculations for the Group

VIb transition metals. These calculations appear to be reliable since the Fermi surfaces deter-

mined from them are supported by measurements [153,154] on both Tungsten and Molybdenum.

Calculations for the 3d transition metals and experiments on the high-field galvanomagnetic

properties of Niobium and Tantalum [155] suggest that the rigid-band model is reasonable for

these metals. If this assumption is made, many of the features of the Group VIb and Vb metals’

electron bands can be considered to be similar.

Figure 4.7: Polar plot of Group VIb work function in [110] zone from (001) to the (110) face
for the Group VIb metals (Cr, Mo and W): Theoretical thin-slab DFT-based evaluations (open
circles); literature values for Cr [156, 157], Mo [125, 158] and W [125, 159] (solid circles); and
the 4.75eV UV photon energy (bold solid line).

The Group VIb metals (Cr, Mo, and W) are attractive photocathode materials due to their

hardness [160], high melting points [161–163], and relative chemical inertness. Our evaluations

of the band structure for these bcc metals, which agree with prior calculations [164–166], reveal
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that the Fermi level in these metals crosses several bands: the ∆2, ∆2′ and ∆5 bands. As

these bands are also somewhat anisotropic in momentum space, as evidenced by the highly dis-

torted Fermi surface, photoemission will be more complex than for potassium. Fortunately,

for all three metals, some experimental data is available for the work function anisotropy

φ(ijk) [125, 156, 157, 159, 167–169] to compare with our thin-slab evaluations. Figure 4.7

displays the evaluated work functions (open circles) for different crystal faces in the form of

a ‘polar plot’ from (001) to (110), which includes all major orientations expected on the face

of a polycrystalline photocathode, together with prior experimental measurements of φ(ijk)

(solid circles) for Cr [125, 156, 167], Mo [125, 147], and W [125, 159]. Our DFT-based thin-slab

evaluations are clearly in good agreement with the literature values within the estimated ±50

meV uncertainty of the calculations. The data also clearly shows that crystal faces close to the

(110) orientation of these bcc metals will not emit electrons under our experimental conditions

(See Section 2.3) as φ(ijk) is greater than the employed 4.75 eV UV laser photon energy (indi-

cated by the bold solid line in Figure 4.7). Nonetheless, for the polycrystalline photocathodes

used in our measurements of ∆pT , the generated electron beam should be intrinsically inho-

mogeneous with microcrystalline faces closer to the (001) direction dominating the emission.

Further, for polycrystalline BCC metal surfaces, the (001) crystal face can be expected to be

most prevalent [170, 171] and hence likely dominate the photoemission properties; typically,

for a mechanically worked, in our case polished BCC metal, the (112) face is the next most

frequent covering ∼10% of the surface, while the (111) microcrystal faces only cover a few per-

cent [170,171]. Careful analysis of the band structure of the Group VIb metals further supports
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the approximation that the (001) crystal face will dominate the photoemission process, since

emission from the (111) crystal face involves only one band whereas four sets of electronic states

from three bands crossing the Fermi level contribute to photoemission in the (001) direction.

The theoretical analysis presented here will therefore be restricted to (001)-face emission.

The results from the DFT-based analysis for photoemission from the (001) faces of Cr, Mo,

and W with ~ω = 4.75eV are presented in Figure 4.8. The first column for each metal shows

the electronic states (shaded regions) below the Fermi level (solid line) that may contribute

to photoemission as function of the internal crystal momentum in the (001) direction (~pz) and

two transverse momentum ( ~pT ) directions along the (100) and (110) crystal directions. Four

separate sets of electronic states from the three bands [164–166] that cross the Fermi level

contribute to photoemission from the (001) face for all three metals; the ‘hole-like’ ∆2 band

(negative dispersion) and ‘electron-like’ ∆2′ band (positive dispersion) electronic states from

the Fermi surface ‘lens’ at low pZ , and two ‘electron-like’ states at higher pZ that are degenerate

with the ∆5 band at pT=0. In all three cases, the bands are fairly symmetric about the (001)

direction, which leads to relatively isotropic transverse momentum distributions (central panel

in Figure 4.8), and hence electron beams with uniform intrinsic divergence. The spatially-

averaged values of ∆pT extracted from these momentum distributions are listed in Table III

together with the values of ∆pT0 =
√
m0∆E/3 computed using φ(001) and ~ω = 4.75 eV. In all

cases, ∆pT0 is greater than the results of the DFT photoemission simulation (∆pT,DFT ), and

the latter are in better agreement with our experimental measurements of ∆pT,expt for poly-
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Figure 4.8: Excess energy contours, transverse momentum distributions and the ∆pT (~ω) plots
for Cr, Mo and W in (001) crystal orientation. The results from the DFT-based photoemission
analysis for the (001) face of the Group VIb metals (Cr, Mo and W). Left panel: Crystal mo-
mentum map of the electronic states (shaded regions) below the Fermi level (solid line) that
may photoemit within pT,max =

√
m0∆E (dashed lines) for the transverse (010) and (110) crys-

tal directions. Center panel: Transverse momentum distribution of the photoemitted electrons
in the (010) and (110) directions (Gaussian fits are guides to the eye). Right panel: Incident
photon energy dependence of the rms transverse momentum ∆pT for electron temperatures
Te → 0 (data points with solid line fit); ∆pT = A

√
m0∆E, Te =300K and the melting points of

each metal (dot-dashed lines), together with the expected form of ∆pT =
√

(~ω − φ)/3 (black
dashed line).



67

crystalline Group VIb photocathodes. Comparison with the K(001) calculation (Figure 4.6),

which was consistent with ∆pT0, reveals that the reduced rms transverse momentum for Cr,

Mo, and W (001)-face emission is due to the Group VIb metals’ band structure; specifically, the

involvement of both ‘electron-like’ and ‘hole-like’ electronic states and the generally stronger

band dispersions. The fact that ∆pT,DFT is smallest for W(001) emission is fundamentally

related to the restriction placed on pT,max. =
√

2m0(~ω − φ(001)) (dashed lines in the first col-

umn of Figure 4.8) by the higher value of φ(001) for Tungsten. On the other hand, the ∼15%

difference in ∆pT,DFT for Cr(001) and Mo(001) emission, which have almost the same work

function, is evidently related to a higher relative emission local state density (shaded regions

in the first panel of Figure 4.8) in Cr at low values of pT . The resultant 40% reduction in the

rms transverse momentum over ∆pT0 for Cr(001) equates to a reduction in the rms solid angle

of divergence (and hence brightness enhancement) for an electron beam by a factor of 2.8.

TABLE III: Emission properties of Group VIb metals.

Metal φ(001,DFT ) ∆pT,DFT ∆pT0 A ∆pT,expt [172]

(eV) (
√
m0eV ) (

√
m0eV ) (

√
m0eV )

Cr 4.56(±0.05) 0.168(±0.020) 0.252(±0.03) 0.403 0.155(±0.005)
Mo 4.52(±0.05) 0.177(±0.019) 0.276(±0.03) 0.380 0.200(±0.005)
W 4.64(±0.05) 0.160(±0.034) 0.191(±0.03) 0.491 0.150(±0.005)

The third column in Figure 4.8 shows the theoretical dependence of ∆pT on the incident

photon energy ~ω for Te → 0 (data points) together with the form predicted by ∆pT0 =√
m0(~ω − φ(001))/3 (dashed line) [52, 68]. For all three metals, the theoretical data is a good



68

fit to ∆pT = A
√
m0(~ω − φ(001)) (solid line), giving ACr(001) = 0.34, AMo(001) = 0.47, and

AW (001) = 0.46 — values significantly less than 0.577. Also shown in the third column of Fig-

ure 4.8 is the fitted form of ∆pT (~ω) when Te equals 300K and the melting point of each

metal (dot-dashed lines, data points not shown) evaluated using the Fermi-Dirac function to

describe the occupation of the electronic states generated by the zero temperature DFT band

structure calculations. As for (001)-face alkali metal photoemission (Figure 4.6), the evaluated

∆pT (~ω) at Te = 300 K is indistinguishable from that at 0 K within the uncertainty of the

DFT-based photoemission simulations. The rms transverse momentum of the emitted electrons

does increase for electron temperatures at the melting points of the Group VIb metals with,

as would be expected, the increase in ∆pT being most dramatic for W which has the lowest

excess photoemission energy, ∆E = 0.12 eV, and the highest melting point at 3680K (kBTe =

0.31 eV). This increase is, of course, primarily due to the temperature-dependent partial pop-

ulation of the states above the Fermi level which can lead to significant emission from states

with transverse momenta beyond pT,max.

4.3 Group Vb Photocathodes

Although in general somewhat more reactive than the Group VIb metals [173], the Group

Vb metals (V, Nb, and Ta) are also attractive photocathode materials due again to their hard-

ness [160] and high melting points [174–176]. Moreover, as shown in Figure 4.9, they have lower

polycrystalline work functions than their Group VIb counterparts, which translates to a higher

photoemission quantum efficiency [52, 177]; for polycrystalline photocathodes at ~ω=4.75eV,



69

it has been observed that the Group Vb metals have an efficiency a factor of ∼2 greater than

the Group VIb metals [50]. This is the primary reason for the use of Ta photocathodes in

DTEMs [178, 179]. It is also noteworthy that, unlike the Group VIb elements, V, Nb, and

Ta are all superconducting and so are directly compatible with superconducting laser-driven

guns [180,181].

Figure 4.9: Polar plot of V, Nb and Ta work function in [110] zone.

Our band structure calculations for the BCC Group Vb elements are again in good agree-

ment with prior evaluations [125, 157, 168, 169] and show that the Fermi level crosses only the

∆2 band in these metals. This band corresponds to the central ‘jack’ of the Fermi surface

around the Γ point of the band structure [149,182,183] and is therefore quite anisotropic. Our

evaluations of the work function anisotropy φ(ijk) for the Group Vb metals using the thin-slab

method [184] are also in agreement with available data within the estimated ±50 meV un-

certainty of the theoretical calculations; as shown in Figure 4.9, which displays the evaluated
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work functions (open circles) for different crystal faces from (001) to (110) together with the

prior experimental measurements of φ(ijk) (solid circles) for V [125,168,169], Nb [125,157], and

Ta [125]. As with the Group Vb elements, φ(110) is greater than our 4.75 eV photon energy

(bold solid line) and their BCC crystal structure means that the (001) microcrystalline face will

again likely be the most prevalent [170,171] and hence dominate the photoemission properties

of polycrystalline Group Vb photocathodes.

Figure 4.10 displays the results from the DFT-based analysis for photoemission from the

(001) faces of V, Nb, and Ta when ~ω=4.75 eV. The crystal momentum depiction of the elec-

tronic states capable of photoemission (shaded regions) below the Fermi level (solid line) in the

left panel for each element clearly shows that emission is only from the ‘hole-like’ states associ-

ated with the ’jack-shaped’ Fermi surface centered on the Γ-point of the Brillouin zone. With the

exception of Nb at low values of pz, where band dispersion rather than pT,max. = (2m0∆E)1/2

(dashed line) limits emission in the (110) direction, the emitting states are nonetheless again

quite symmetric about the primary (001) crystal direction. As a result, the transverse momen-

tum distributions for the emitted electrons from all three Group Vb metals (second column

in Figure 4.10) are very symmetric — the asymmetry in the emission states of Nb not being a

significant factor as electronic states with low values of pz and high values of pT have a sub-

stantially lower photoemission probability than the other states. This is especially true for pho-

toemission from this ‘hole-like’ state since, unlike ‘electron-like’ states with positive dispersion,
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Figure 4.10: Excess energy contours, transverse momentum distributions and the ∆pT (~ω)
plots for V, Nb and Ta in (001) crystal orientation. The results from the DFT-based photoe-
mission analysis for the (001) face of the Group VIb metals (Cr, Mo and W). Left panel: Crystal
momentum map of the electronic states (shaded regions) below the Fermi level (solid line) that
may photoemit within pT,max =

√
m0∆E (dashed lines) for the transverse (010) and (110) crys-

tal directions. Center panel: Transverse momentum distribution of the photoemitted electrons
in the (010) and (110) directions (Gaussian fits are guides to the eye). Right panel: Incident
photon energy dependence of the rms transverse momentum ∆pT for electron temperatures
Te → 0 (data points with solid line fit); ∆pT = A

√
m0∆E, Te =300K and the melting points of

each metal (dot-dashed lines), together with the expected form of ∆pT =
√

(~ω − φ)/3 (black
dashed line).
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higher transverse crystal momenta mean lower energy. The net result, as shown in Table IV,

is also a much lower spatially–averaged rms transverse momentum for emission from the (001)

face of the Group Vb metals than would be expected from ∆pT0 =
√
m0∆E/3 [52,68] evaluated

using the listed values of φ(001). The extracted values of ∆pT,DFT are, however, close to our

experimental measurements of ∆pT for polycrystalline Group Vb photocathodes.

TABLE IV: Emission properties of Group Vb metals.

Metal φ(001,DFT ) (eV) ∆pT0 ∆pT,DFT A ∆pT,expt [172]

(eV) (
√
m0eV ) (

√
m0eV ) (

√
m0eV )

V 4.18(±0.05) 0.440±0.02 0.191±0.003 0.253 0.183(±0.005)
Nb 4.03(±0.05) 0.490±0.02 0.204±0.002 0.240 0.185(±0.005)
Ta 4.27(±0.05) 0.400±0.02 0.200±0.002 0.288 0.185(±0.005)

The third column for each element in Figure 4.10 again shows the theoretical dependence

of ∆pT on the incident photon energy ~ω for Te → 0 (data points) together with the form

predicted by ∆pT0 =
√
m0∆E/3 [52, 68] (dashed line). Fitting ∆pT = A

√
m0(~ω − φ) to

the theoretical data (solid line) gives AV (001) = 0.28, ANb(001) = 0.23, and ATa(001) = 0.26 –

values less than half of 0.577. This means that the rms solid angle of emission from the (001)

crystal face of Group Vb metal photocathodes will be 4-5x less than expected. Surprisingly,

and very unlike their Group VIb counterparts (Figure 4.8), when Te equals 300 K or even the

melting point of each metal (dot-dashed lines in the right panel of Figure 4.10; data points

not shown) the values of ∆pT (~ω) evaluated using the DFT-based analysis are not increased

appreciably. This interesting result is fundamentally related to the dispersion of the emitting
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electronic state. For this ‘hole-like’ state, increasing Te serves to partially populate states above

the Fermi level with generally lower values of ∆pT (first panel of Figure 4.8), thereby leaving

∆pT relatively unchanged. The small ∼10% increase in ∆pT,DFT (~ω) evaluated for V(001) and

Ta(001) emission at their melting point temperatures is primarily due to contributions from

energetic partially populated states above the Fermi level around pT,max.. Thus, photoemission

from the Group Vb metals is significantly less temperature sensitive than from the Group VIb

metals.

4.4 BCC Alloy Photocathodes

The above analysis of the emission properties of the BCC transition metals implies a strong

dependence of their electronic band structure (Fermi surface) on the ∆pT . The Fermi surface

of the Group Vb transition metals and Group VIb transition metals are similar, especially

along major crystal orientations such as (001) and (111), and it is the Fermi level position that

fundamentally determines the value of ∆pT . This is because the position of Fermi level not

only affects the shape of photoemitting energy contours but also the LDOS associated with

photoemission. To tentatively realize ∆pT manipulation through positioning EF , I employ the

MoxNb1−x alloy system [152, 185] which allows a continuous shifting of Fermi level by tuning

the composition x that then changes the photoemitting states of the alloy system generating a

relationship between ∆pT and x. This section will present this extensive investigation of the

MoxNb1−x alloy system to demonstrate one method of photocathode design aimed at discov-
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ering photocathode materials exhibiting low ∆pT emission values.

4.4.1 MoxNb1−x Alloy

There have been a number of studies on BCC alloys [152,185–187]. These previous research

work has been dedicated to understand the electronic properties of the binary BCC Mo–Nb

alloy system, which forms a continuous BCC solid solution. It is well known that these alloys

not only have temperature insensitive elastic constants, chemical inertness, and no intermediate

phases, but also are stable against high temperatures and pressures over the whole composition

range [152,186].

Figure 4.11: MoxNb1−x bimetal’s lattice constant as a function of x. Solid line is the Vegard’s
law, dashed line is the least square fit of DFT calculated lattice constant, which differs from
Vegard’s law by only 5.7%.
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The virtual crystal approximation (VCA) construction method [188] is employed for the

combination of two metals’ pseudopotentials according to the composition of MoxNb1−x, an

alloy made of Mo of fraction x and Nb molecules of fraction 1-x. As the pseudopotential meth-

ods have matured, the correct or optimal way to implement the VCA has become less obvious.

For the case of LDA, using the USPP generated by Vanderbilt [103], the implementation is

straightforward: the potential of the virtual system made from the MoxNb1−x alloy is gener-

ated simply by compositionally averaging the potentials of the Mo and Nb compounds. It is

important to emphasize that since we construct a single potential at the atomic level, the use

of our VCA pseudopotentials in solid state calculations requires no additional computational

effort. In this Averaged Descreened Potentials VCA (ADPVCA) approach [188], two indepen-

dent atomic pseudopotentials V Mo
ps and V Nb

ps are constructed. These descreened potentials are

then averaged according to

V ADPVCA
ps = (1− x)V Nb

ps + xV Mo
ps . (4.2)

For creating useful ‘mixed’ pseudopotentials in the quantum-ESPRESSO computational rou-

tine, the two original potential files have to be compatible and be the same type of pseudopoten-

tial — an requirement that is met by using the USPP of D.Vanderbilt [189]. After generating

the new pseudopotential for MoxNb1−x by VCA, we run the optimal lattice constant test for

MoxNb1−x with an x step of 0.1. Then, band calculations are performed to determine a con-
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tinuous band structure.

The calculated lattice constant results as shown in Figure 4.11 agree with Vegard’s law [190]

a(x) = xaMo + (1 − x)aNb. The experimental measurements by Goldschmidt and Brand [191]

and Catterall, Barker [192] and Hubbell [186] are also included for comparison; these experi-

mental measurements have been conducted over the whole range of compositions (0-100 atomic

% Mo) in MoxNb1−x alloys. My lattice constant calculations (black solid circles) are in good

agreement with experimental values; all the data points show only a small deviation from the

Vegards law, i.e., aA1−xBx = (1 − x)aA + xaB, where aA1−xBx , aA and aB are the equilibrium

lattice parameters of alloy A1−xBx and the constituent pure elements A and B, respectively. If

necessary, a configuration average test is performed in order to ensure that the VCA is realistic

for the real disordered system.

Generally, the energy dispersions of MoxNb1−x have great similarities and appear to be

intermediate between those of the two pure 4d metals; not only are the dispersion shape of

their electronic bands similar to that of pure Mo and Nb metals, but also their Fermi level is

located between the two elemental metal’s Fermi level. The result of band structure calculation

is shown in Figure 4.12, with the Fermi level of Mo, Nb, and the Mo0.5Nb0.5 alloy indicated.

The Fermi levels are calculated assuming all the electrons outside the closed shell to be valence

electrons. As a result, the metal with the most valence electrons, Mo, has its Fermi level above

that with the least, Nb, with the alloy between the two. My DFT calculated band structure of
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Figure 4.12: Calculated MoxNb1−x bimetal’s band structure along high symmetry points and
lines. The Fermi level of Mo0.5Nb0.5 sets the zero point energy by solid line; the Fermi levels of
Niobium and Molybdenum are indicated by the dot dashed lines.

Mo0.5Nb0.5 alloy is in a good agreement with previous calculation [152].

The work function of the MoxNb1−x(001) can be approximately expressed as [187]

φAlloy = xφMo + (1− x)φNb + x(1− x)[
(φMo − φNb)(ρMo

ρNb
− 1)

xρMo
ρNb

+ (1− x)
]

≈ xφMo + (1− x)φNb,

(4.3)

where φMo and φNb are the pure constituent work functions of Mo and Nb, receptively, and

ρMo and ρNb are the pure constituent total densities of states. For the (001) orientation,
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Figure 4.13: MoxNb1−x bimetal’s work function of (001) face as a function of x. Solid line
is the linear relationship of Equation 4.3, and dashed line is the least squares fit of thin-slab
method calculated work function, which differs from φMo

(001)x+ (1− x)φNb
(001) by 16%.

ρNb ≈ ρMo [187, 193]. The result of the thin-slab evaluated work function is shown in Fig-

ure 4.13. It can be seen that the work functions of the MoxNb1−x alloy system generally follow

a linear function of composition x indicated by Equation 4.3, which is in solid line and has

slope of 0.45. The dot dashed line is the linear fit of the DFT calculated work functions of the

MoxNb1−x alloy system, and its slop is 0.52. The 16% difference implies that Equation 4.3 is a

rough estimation for the relationship between composition x and the work function, and the dis-

crepancy could be explained by a more sophisticated estimation — the image force model [194].
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4.4.2 Photocathode Design

For photoemission from the (001) crystal face of MoxNb1−x system with 4.75 eV photon

energy, the (110) and (010) sections of the resulting photoemitting contours of MoxNb1−x(001)

in the repeated reduced zone scheme are shown in Figure 4.14. It is clear that there is a con-

tinuous evolution of the emitting states (shaded regions) as the composition x changes from 0.1

(nearly ‘Nb-like’ as in Figure 4.10) to 0.9 (nearly ‘Mo-like’ as in Figure 4.8) due to the conti-

nous variation of φ(001) and EF with x. When x ≤ 0.2, the crystal momentum depiction of the

electronic states capable of photoemission (shaded regions) below the Fermi level (solid line)

clearly shows that the emission is only from the ‘hole-like’ states associated with the ‘Nb-like’

Fermi surface. When 0.3 ≤ x ≤ 0.6, the effect of the ‘Mo-like’ Fermi surface becomes cause

so that the emission is from both the ‘hole-like’ states associated with ‘Nb-like’ Fermi surface

and the ‘electron-hole’ mixed states associated with ‘Mo-like’ Fermi surface. When 0.7 ≤ x ≤

0.9, the effect of ‘Mo-like’ Fermi surface dominates the photoemitting electronic states so that

MoxNb1−x has ‘Mo-like’ photoemitting energy state contours. It is important to note that the

slightly asymmetry in MoxNb1−x emission states results from the asymmetry in the emission

states of Nb, and it is not a significant factor of the transverse momentum distribution since

electron states with low value of pz and high values of pT have lower photoemission probability

than the other states.
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Figure 4.14: Photoemitting energy contours of MoxNb1−x alloys as the composition factor x
changes from 0.1 to 0.9 in steps of 0.1. The electron states (shaded regions) below the Fermi level
(solid lines) that may photoemit with in pT,max =

√
m0∆E (dashed lines) for the transverse

(010) and (110) crystal directions.
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Figure 4.15: ∆pT0 and ∆pT,DFT values as a function of composition x. The dashed black and
red lines are the theoretical curve by Equation 4.5 and Equation 4.4, respectively. The solid
black dots are the theoretical calculated ∆pT0 by ∆pT0 =

√
m0(~ω − φ)/3 [52, 53] using DFT

calculated MoxNb1−x(001) work functions. The solid black line fit is a guide to the eye. The
red dots are the DFT calculated ∆pT,DFT.

Based on the photoemission model for BCC elemental photocathodes, the DFT evaluated

values of ∆pT,DFT at ~ω = 4.75 eV with respect to the composition x are shown in Fig-

ure 4.15 using red dots. As expected, the ∆pT,DFT values are decreasing from 0.204
√
m0eV

to 0.177
√
m0eV as the composition x increases, the error bars come from the ±0.05eV work

function uncertainty, which generates ±0.004
√
m0eV uncertainty in ∆pT,DFT. A linear fit of
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∆pT,DFT values is in red dashed line, which has a slope of 0.027. Therefore, the DFT-based

analysis of the ∆pT (x) for the MoxNb1−x alloy can be written as

∆pT,DFT(x) = ∆pMo
T,(001)x+ ∆pNb

T,(001)(1− x), (4.4)

where ∆pMo
T,(001) and ∆pNb

T,(001) are the rms transverse momentum values of pure Mo(001) and

Nb(001), respectively. As the the alloy composition factor x changes from 0 to 1, the ∆pT of

MoxNb1−x continuously approaches the ∆pT of Mo, which indicates a continuous ∆pT of such

Bi-metals. The slope of such monotonical increasement as a function of x and is proportional

to ∆pMo
T,(001) − ∆pNb

T,(001). Despite excess energy change of a factor of ∼2 from Nb to Mo,

the ∆pT,DFT(x) values have little change — only 0.027
√
m0eV , which is due to the ‘smooth’

transition from the ‘hole-like’ band (∆2) in Nb to the ‘electron-like’ and ‘hole-like’ bands (∆2,

∆2′ and ∆5) in Mo as shown in Figure 4.14. Similarly, combining Dowell’s theory [52, 53] and

Vegard’s law (Equation 4.3), the expected square root relationship between ∆pT0 and x can be

expressed by

∆pT0(x) =

√
m0[~ω − φMo(001)x− φNb(001)(1− x)]

3
. (4.5)

This square root dependence is plotted by black dashed line in Figure 4.14 using the DFT

calculated Mo(001) and Nb(001) work functions. The black dots are the theoretical evaluated

∆pT,0 by Equation 4.5 using DFT calculated work functions for MoxNb1−x(001). The error

bars again correspond to the DFT evaluated ±0.05eV work function uncertainty. The ∆pT0(x)

values are generally a factor of 2.0∼2.5 greater than the ∆pT,DFT(x) values. This interesting
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result is fundamentally consistent with the the ratio of 1/
√

3 to the fitting A values for Nb and

Mo (See Table IV and Table III).

In addition, the recent solenoid scan measurement [50] and the monotonic variation of

MoxNb1−x’s ∆pT,DFT shown in Figure 4.15 indicate that, among Group Vb and Group Vb

metals, Nb obtains the best QE (ηPE) as well as the lowest ∆pT . These parameters together

with Equation 2.24 may help us qualitatively evaluate the the brightness of a photocathode,

which can be expressed as

B ∼ ηPE
(∆pT )2

. (4.6)

According to the the above figure of merit, the brightness is largest for Vb metals, especially

Nb. Also it is clear that the drawback of choosing MoxNb1−x alloy photocathodes is that the

Mo component in the MoxNb1−x alloy system has low QE and relatively high ∆pT compared

with Nb. In addition, Group Vb photocathodes are preferred due to Te insensitive resulting

from their strong inward bending ∆2 band. Therefore there is no read gain for high brightness

for the MoxNb1−x alloys.



CHAPTER 5

FACE-CENTERED CUBIC METAL PHOTOCATHODES

In Chapter 3, the FCC metal Ag has been used as the exemplar to illustrate the DFT-based

photoemission model. FCC is an important crystal structure, and there are ten elemental FCC

metals (Al, Ag, Au, Ca, Cu, Pb, Pd, Pt, Rh, and Sr) that have this structure. Three of them

could be used as photocathodes (Au, Rh, Pt, and Pd have very high work functions; Ca and

Sr are very reactive). Au has high work function, but it will be discussed for the sake of the

completeness of noble metals’ photoemission investigation. In this chapter, I will apply the

photoemission model to investigate the four remaining FCC photocathodes; two noble metals

(Cu and Au) and two p-block metals (Al and Pb). Aside from the fact that the direct photoe-

mission is dominant for most FCC photocathodes, photoemission from a surface state has also

been observed for the (111)-face of noble metals [195–199]. The optical properties of the (111)

surface state will be extensively reviewed both experimentally and theoretically [200,201], and

a surface state DFT evaluation will be performed to show that the photocathode generated

hollow cone illumination (HCI) can be realized.

In Section 5.1, I will extend the DFT analysis from Ag to Au and Cu. In Section 5.2, I

will present HCI based on Ag(111) single crystal emission, and show the schematic procedure

to generate a ‘cone-like’ electron beam. As ∆pT data on photoemission from the Ag(111) face

surface state is lacking in the photocathode community, my DFT calculation fills this vacancy.

84
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Emphasis will be placed on a discussion of the surface state photoemission and the resulting

∆pT analysis and results obtained with it. In Section 5.3, the DFT-based photoemission anal-

ysis is used for the evaluation of the emission properties of p-block FCC photocathodes.

5.1 Noble Metal Photocathodes

Noble metal photocathodes with low emittance (high brightness) are nowadays routinely

used as electron sources for laser-driven high-gradient guns [65,69]. That is because these met-

als are resistant to corrosion, easy to fabricate, reliable and tolerant to contamination, and have

uniform emission, high operating life time and a fast response time. The other principal reason

for the wide use of noble metals as photocathodes is, of course, the wealth of available informa-

tion about them. For example, the electronic properties of noble metals have been thoroughly

investigated by cyclotron resonance, XPS experiments, X-ray emission experiments, ARUPS

experiments and dHvA measurements [67, 202, 203]. Each experimental method mentioned

above has been extensively applied to the field of photoemission physics and the results have

been found to fit a consistent and entirely reasonable picture of the metal’s Fermi surface. The

disadvantages of noble metal photocathodes are their low QE (of the order of 10−6 ∼ 10−4) and

the need for a UV drive laser (> 4.60eV), which limits these photocathodes for applications

requiring less than 1 mA average current [204].

The first BZ of an FCC lattice has a truncated octahedron shape as shown in Figure 5.1.

Noble metals only have one free electron per atom so that the BZ is only half filled. The
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Figure 5.1: FCC Brillouin zone

structural and electrical properties of both the bulk and surfaces of noble metals were previously

investigated theoretically and experimentally [66, 67, 100]. The calculated band diagrams for

copper and gold are shown in Figure 5.2. The relatively flat bands lying about 2eV below

the Fermi surface are associated principally with d atomic states, whereas the bands lying at

higher energy are associated principally with s and p atomic states. The d bands are fully

filled and the s bands are half-filled; thus, the volume contributed by the d bands is enclosed

by the Fermi surface formed by the s bands. The equivalent Fermi surface radius then equals

the average of ∆1 (Γ–X) and Σ1 (Γ–K) radii of the Fermi energy surface, values for which are

shown in Table V both from Ref [96] and my DFT calculations. The unequal (100) face and

(110) face radii indicate a distortion of the nominally spherical noble metal Fermi surface. In



87

Figure 5.2: Copper and Gold band structures along high symmetry points and lines. Fermi
level at zero energy is marked with dashed line.

addition, contact is established between the Fermi surface and the BZ boundaries in the <111>

directions (ΓL). These contact areas correspond to the energy gap at the zone boundary along

the high symmetry line Λ. To further examine the consistency of the Fermi surface calculations

by DFT, the effective masses corresponding to the (001), (110) and (111) faces are determined

using m∗ = (∂
2E(~p)
∂2~p

)−1. The noble metal’s Fermi surface is constructed of three major parts; a
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TABLE V: The Fermi surface radii of Ag, Al and Cu (in units of 2π
a ).

face DFT Expt.

Cu (001) 0.81 0.83a

(110) 0.72 0.74a

Ag (001) 0.80 0.82a

(110) 0.73 0.75a

Au (001) 0.87 0.88a

(110) 0.73 0.74a

aReference [96]

‘dog’s bone’ orbit from the contours in the (111) plane, a ‘neck’ orbit from contours in the (110)

plane (the hexagonal face), and a ‘belly’ orbit from the contours in (100) plane [97, 205, 206].

These three orbits are shown in Figure 5.3 and the results from the effective masses calculations

corresponding to the orbits are listed in Table VI. It can be seen that Ag, whose Fermi surface

is closest to a perfect sphere (See Figure 3.3), has effective mass values close to m0, while Cu

whose Fermi surface is furthest from a perfect sphere (See Figure 5.3) has an effective mass

much less than m0. The DFT evaluated effective masses are all within 10% of the experimental

values. Unlike potassium whose band structures could be completely defined by the E versus ~p

diagram calculated along the principal crystal directions, the distorted spherical Fermi surfaces

of the noble metals suggests that a DFT-based emission analysis will be required to evaluate

their ∆pT .
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Figure 5.3: Cu and Au Fermi surfaces. Two projections of the noble metals reciprocal lattice
show the shape of Cu and Au Fermi surfaces. The orbits considered are labeled by light blue
lines: (a) dog’s bone orbit, (b) neck orbit, and (c) central belly orbit.
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TABLE VI: The effective mass of Ag, Al and Cu (in units of m∗/m0).

face DFT Expt.

Cu (100) 0.47 0.49±0.02a

(110) 0.50 0.53±0.02a

(111) 0.42 0.45±0.02a

Ag (001) 1.00 1.03±0.01b

(110) 0.35 0.39±0.01b

(111) 0.89 0.94±0.01b

Au (001) 0.96 0.99±0.01c

(110) 0.45 0.48±0.01d

(111) 1.03 1.08±0.01c

aReference [203]
bReference [99]
cReference [206]
dReference [207]

The results of evaluating the photoelectric work functions of noble metals with respect to

crystal orientation using the thin-slab method [184], are shown in Table VII. The calculated

work functions are within 10% of experimental values [211,212], with any absolute discrepancies

being in the vicinity of 0.1eV. Nonetheless, for these metals the calculated theoretical values are

consistent and appear to be reliable; indeed, they are in very good agreement with experimental

values. For bulk Au, a ~ω=5.36 eV (231 nm) photon energy is the minimum energy required to

overcome the photoelectric work function barrier. Due to this high work function value, there

are no literature values of the rms transverse momentum ∆pT value for photoemission from Au

with an excess energy greater than zero. For Cu and Ag, a ~ω=4.75eV (261nm) UV laser can be

used to photoemit from the (100) and (110) crystal faces. The ∆pT of an electron beam emitted
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TABLE VII: The work function of Ag, Al, Au, and Cu (in units of eV).

face Expt. DFT

Cu (100) 4.59b 4.64±0.05
(110) 4.48b 4.52±0.05
(111) 4.94b 5.02±0.05

Al (001) 4.41b 4.52±0.05
(110) 4.28b 4.36±0.05
(111) 4.24b 4.20±0.05

Ag (001) 4.64c 4.64±0.05
(110) 4.52c 4.53±0.05
(111) 4.75d 4.83±0.05

Au (001) 5.47c 5.52±0.05
(110) 5.37c 5.36±0.05
(111) 5.31c 5.50±0.05

aReference [208]
bReference [209]
cReference [125]
dReference [210]

from polycrystalline Cu and Ag surfaces irradiated by the 4.75eV picosecond laser pulses has

been measured by the solenoid scan technique [56], and the measured ∆pT values for polished

Ag and Cu photocathodes are 0.235
√
m0eV and 0.130

√
m0eV , respectively. The polycrystalline

nature of the measured noble metal photocathodes implies a crystal orientation randomness to

the samples, so that the strict theoretical expression for ∆pT,average must be expressed as

∆pT,average = Σ
i
Σ
j
Σ
k
x(ijk)∆pT,(ijk), (5.1)
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Figure 5.4: General crystal orientation percentage for polycrystalline FCC metal [211].

where x(ijk) is the weight of (ijk) crystal orientation and Σ
i
Σ
j
Σ
k
x(ijk)=1. The general x(ijk)

distribution of FCC polycrystalline is displayed in Figure 5.4, which indicates that (100) and

(110) are the two prevalent crystal faces and, hence, are expected to dominate the photoemis-

sion from polycrystalline noble metals [211]. Therefore, it is possible to consider an average

∆pT using an analysis that is restricted to (001) and (110) face emission.

TABLE VIII: DFT evaluated photoemission properties of Cu and Au.

Metal face ∆pT,DFT (
√
m0eV ) ∆pT0 (

√
m0eV ) AT=0K

Cu (100) 0.170 0.191 0.445
(110) 0.198 0.288 0.444

Au (100) 0.208 0.278 0.425
(110) 0.168 0.361 0.245
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(a) (b) (c)

Figure 5.5: The results from the DFT-based photoemission analysis for the (001)/(110) face
of Cu and Au. (a) Crystal momentum map of the electronic states (shaded regions) below the
Fermi level (solid line) that may photoemit within pT,max =

√
m0∆E (dashed lines) for the

transverse (010)/(001) and (110)/(110) crystal directions. (b) Transverse momentum distribu-
tion of the photoemitted electrons in the (010)/(001) and (110)/(110) directions. (c) Incident
photon energy dependence of the rms transverse momentum ∆pT for electron temperatures
Te → 0 (data points with solid line fit); ∆pT = A

√
m0∆E, Te =300K and the melting points of

each metal (dot-dashed lines), together with the expected form of ∆pT =
√

(~ω − φ)/3 (black
dashed line).
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The DFT-based photoemission model described in Chapter 3 is used to evaluate ∆pT for Cu

and Au. The results for photoemission from the (001) and (110) faces of Cu and Au are shown

in Figure 5.5. The spatially-averaged values of ∆pT extracted from the excess energy contours

are calculated using ~ω=4.75 eV for Cu and ~ω=5.77 eV for Au, and the results are listed

in Table VIII. The theoretical data is a good fit to ∆pT = A
√
m0(~ω − φ), giving the A values

within 79% of 0.577 for Ag all cases expect Au(110) where A value within 42% of 0.577. In the

∆pT (~ω, Te) plot (Figure 5.5(c)), the rms transverse momentum is evaluated under 0 K, 300 K

and the melting point, where the melting temperature for Cu (Au) is 1363K (1336K) [132]. As

would be expected, the increase in ∆pT due to electron temperature increase is weak (strong)

for Au (Cu) which has the large (small) excess photoemission energy; both metals have inward

bent ‘electron-like’ energy states. Owing to the high degree of symmetry of Fermi surface in

the FCC Brillouin zone, a relatively isotropic transverse momentum distribution is dominant

in the prevalent crystal orientations.

5.2 Hollow Cone Illumination

In recent years, axial hollow cone illumination has gained great interest at high resolutions in

conventional transmission electron microscopes since it eliminates phase contrast artifacts from

an image, thus making high resolution electron microscopy (HREM), bright-field imaging and

dark-field electron microscopy (DFEM) much more reliable [58, 213, 214]. The current method

of producing HCI employs annular condenser apertures, circular condenser apertures, or an

electronic cone illumination method, which impose several instrumental limitations. It is there-
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fore important to consider an alternative method of producing hollow cone illumination which

minimizes such limitations and enables the corresponding microscopy to be performed routinely.

Aside from the needed instrument improvements, it is inevitable that the standard methods

of producing cone illumination mask the electron beam and therefore decrease its brightness.

In this sense, a photocathode that directly generates the required hollow-cone beam for HCI

would be quite attractive.

5.2.1 Introduction to Surface State

Previous literatures have indicated that there are surface states in the Surface Brillouin

Zone (SBZ) for Ag(111), Cu(111) and Au(111) [198, 200, 201, 215]. Due to the presence of a

crystal surface, bulk-forbidden electronic single-particle states may arise leading to a band in

the corresponding projected bulk band gap. These so-called surface states are highly localized

perpendicular to the surface, and form a (quasi) two-dimensional electron band. Typically,

surface states exist if their character is similar to a bulk state, but shifted in energy by the

surface perturbation. Because the occupied part of the surface state is far away from the sur-

face Brillouin-zone (SBZ) boundary, its dispersion can be regarded as identical for all in-plane

directions. As shown in Figure 5.6, the SBZ is a two dimensional hexagonal structure for the

(111) FCC crystal face (kz = 0), and it is centered at Γ point with ΓM and ΓK directions as ~kx

and ~ky, respectively; that is to say, the surface state disperses with momentum parallel to the

surface px and py but not with perpendicular momentum pz (momentum is restricted with the

in-plane vector ~pT = ~px + ~py). According to Ref. [200], [216], and [217], it is the surface state
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which can play an essential role in noble metal (111) face photoemission because, for a clean

(111) surface, the photoemission intensity reaches a speak at EF - Ess,min, where Ess,min is the

surface state band energy minimum [205]. Surface states can therefore dominate emission from

the (111) faces of noble metals.

Figure 5.6: FCC (111) Surface Brillouin Zone

A successful method of distinguishing surface state and bulk photoemission features and

determine the former’s properties is to use a DFT-based surface band calculation within the

slab model to extract the slab’s band structure and inspect its energy dispersion properties,

and thereby find the surface state band that is located between Fermi level and bulk bands.

First, a (111)-face supercell comprising the multi-layer slab and suitable vacuum region needs
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to be constructed. Second, band structure calculation along the ΓM and ΓM directions is

performed. Third, the bulk bands are projected onto the kx-ky plane and plotted together

with surface bands to determine the allowed surface states. As the surface energy dispersion

relations are described in the SBZ (See Figure 5.6), in order to estimate where a surface state

is, one can project the bulk bands into the two-dimensional Brillouin zone and then look for

gaps that might accommodate such a state among the bulk states. The surface bands are the

highest-energy partially occupied bands that fall below the Fermi level EF only for limited

regions of the momentum-space. The electronic states of these surface bands are usually well

localized in the vicinity of the surface. The electrons occupying such a region of allowed kx−ky

space require the least energy to overcome the summation of the work function and transverse

energy required to escape the material as photoelectrons. When the laser photon energy is high

enough to liberate these electrons but insufficient to reach the next energy band, an electron

beam suitable for HCI can then be generated by emission from the single assessed surface state.

5.2.2 (111)-Face Emission From Ag

For Ag(111), there is an s− p gap at Γ, where a Shockley-type surface state was observed

by R. Paniago, G. Nicolay, and S. D. Kevan et al. [200, 201, 215]. The L-gap s − p surface

state dispersion was obtained by measuring the energy of the surface state as a function of the

external electron angle θ. In contrast to the experimental investigations, I use a well-converged

basis set and a k-mesh of 17×17×1 points in the two-dimensional irreducible Brillouin zone and

modeled the surface by employing a periodic slab of 9 atomic layers separated by 15 Å of vac-
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(a) (b)

Figure 5.7: Energy dispersion relation for the Ag(111) Surface state. Results of the band-
structure calculation along the ΓM direction for a 9-layer slab of Ag(111). The Fermi level
has been adjusted to zero level. (a) The comparison between the DFT calculated surface band
(blue solid line) with the experimental measured surface bands. The green solid line is Nicolay’s
result; the red solid line is Kevan’s result. (b) The surface band dispersions are plotted in blue
solid lines. The surface state is highlighted by red circle.

uum. The thin slab band calculation [184] is implemented by quantum-ESPRESSO using the

LDA [103] pseudopotential. Results of the band structure calculation along the ΓM direction

for the 9 layer slab of Ag(111) is shown in Figure 5.7(b). In order to be consistent with the

experimental measurement unit, I plot the band dispersion in terms of E(~k). In Figure 5.7(b),

the blue solid lines give the slab’s band dispersion by DFT at Te = 0, and the Fermi level

has been adjusted to zero (dashed line), the allowed surface surface is highlighted by the red

circle. In Figure 5.7(a), I compare my DFT calculation (blue solid line) with the experimental

Ag(111) surface state measurement of Nicolay [200] (green solid line) and by Kevan [201] (red
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solid line). The DFT calculated surface state is between the two experimental surface states,

which again demonstrates that there is a good agreement between experiment and theory.

The surface state, with its parabolic dispersion about the Γ point of the SBZ, is 62 meV

below the Fermi level with effective mass m∗ = 0.40 m0 in both the Γ → K and Γ → M di-

rections, and has a Fermi wavevector value of kF = ±0.08 Å−1 [201]. The DFT-based surface

state dispersion shown in Figure 5.7 gives the surface state band minimum ∼70 meV below EF ,

and m∗/m0 = 0.42. The DFT evaluated occupied part of the surface state (kF = 0.077 Å−1) is

far away from the surface Brillouin-zone boundary (kΓM = 0.577 Å−1), and its dispersion can

be regarded as identical for all in-plane directions. Therefore, we restrict most of our following

discussion to the dispersion along the ΓM and ΓK directions, denoted as the ~px and ~py direc-

tions with the in-plane vector ~pT = ~px + ~py.

The minimum energy required to photoemit from the surface state, E(111), is the sum of

FCC (111) face work function φ(111) and the (111) Fermi level transverse momentum offset

p2
F /2m0;

E(111) = φ(111) + p2
F /2m0, (5.2)

as in this case, m∗ < m0 (See Equation 2.5). Consequently, since pF = 0.245
√
m0eV , photoe-

mission from the Ag(111) surface state is predicted to only occur when ~ω > φ(111) + 0.03 eV,

where φ(111) = 4.83 eV. This means that photoemission from the surface state of Ag(111) will

first occur from states around the Fermi level as this requires the least energy.
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(a) (b)

Figure 5.8: (a) Ag(111) surface state constant energy contour with ∆E = 35 meV. The outmost
red contour is the two dimensional surface state Fermi surface contour with radius 0.220

√
m0eV .

The innermost blue contour is the EF −∆E constant energy contour with radius 0.190
√
m0eV .

(b) Ag(111) surface state transverse momentum distribution with ∆E = 35 meV. Dashed line
Gaussian fits are guides to eye.

From energy dispersion point of view, the surface state band structure is a single upward

parabola; that is to say, the two dimensional Fermi surface map in the px — py plane consists of

only one single circle at the maximum pT value — ~kF . For an excess energy of ∆E = 35 meV,

the resulting energy contour for the Ag(111) surface state has the ‘ring-like’ shape as shown

in Figure 5.8(a); the two dimensional photoemitting energy contours reside inside the L-gap of

the projected bulk band states in pT -space.
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The surface state photoemission energy-momentum relationship for an one-step photoemis-

sion process can be written as

(p2
x + p2

y)

2m0
+ φ(111) +

p2
z0

2m0
= ~ω + E(px, py), (5.3)

where px and py are the transverse momentum components (pT =
√
p2
x + p2

y), pz0 is the longitu-

dinal momentum in vacuum and E(px, py) is initial electron state energy. An intrinsic emittance

calculation may thus be obtained from the transverse momentum distribution of photoemitting

energy contours. After application of Equation 5.3 and Equation 3.3, the resulting transverse

momentum distribution displayed in Figure 5.8(b) shows the L-gap surface state photoemission.

The ∆pT of the ‘ring-like’ emission peaks is 0.029
√
m0eV for ∆E = 35meV. It can be seen that

the transverse momentum distribution is symmetric with respect to Γ and has maxima close to

pF , which is consistent with experimental measurements.

As the emitted transverse momentum distribution is in the form of a ring with a radius kF

= 0.077Å−1, its acceleration in an electron gun to an axial momentum of p0 will generate a

hollow cone beam with a semi-angle θHCI ≈ pF /p0. That is, using the DFT-based thin-slab

model, I show that the Ag(111) surface state photoemission with an excess energy of 35meV

will produce a HCI beam. The useful range of excess energies for Ag(111) generation of HCI

is 0 ∼ 62 meV, which will require accurately tunable UV laser; Ag(111) alloys such as Cu-Ag

(111) could overcome this hurdle. It is also important to mention that when the surface state
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band effective mass is greater than the free electron mass, photoemission from the surface state

will first occur from states around the Γ point as this requires the least energy — I will discuss

this surface state photoemission situation in Section 6.4.

5.3 p-block Transition Metal Photocathodes

In addition to the noble metals, other elemental metals with a FCC crystal structure also

include two alkaline earth metals (Ca and Sr), two p-block metals (Al and Pb), and three d-block

metals (Pd, Rh and Pt). According to the ideal photocathode criteria, among these other FCC

metals, only Al and Pb are potential photocathodes. This is because calcium is quite reactive

for a metal, strontium is a soft metallic element that is highly reactive chemically, and the

d-block FCC metals have very high work functions (> 5.00 eV). Specially, Pd(100) and Pt(100)

have work functions of 5.90±0.01 eV [218] and 5.82±0.15 eV [219], respectively, which would

require sub-200nm photons for photoemission and Rh(100) with a 5.25eV work function [220]

would require the 216nm (5.75eV) 5th harmonic of a Nd:YAG laser [221] for photoemission.

Moreover, photoemission using deep UV laser radiation can lead to laser damage and therefore

reduce the life time of the photocathode. On the other hand, Al and Pb have relatively low

work functions (< 4.5 eV) as shown in Table IX, where the DFT calculated values are compared

to available measured values. These two photocathode materials are therefore suitable for use

with the 4th harmonic of Nd:YAG and 3rd harmonic of Ti: sapphire (~ω = 4.67eV).
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TABLE IX: Summary of work function and ∆pT0 of p-block metals.

Surface φexpt.(eV) φDFT (eV) ∆pT0

Al (100) 4.41a 4.39 0.337
(111) 4.24a 4.20 0.412
(110) 4.06a 4.28 0.480

Pb (100) 3.95b 4.00 0.516
(111) 3.85b 3.95 0.548
(110) 3.80b 3.89 0.563

Referencea [125]
Referenceb [222]

The Fermi surfaces of Pb and Al are somewhat more complex than the noble metals due

to both s and p state contributions to the occupied valence bands under Fermi level [223].

Consequently, their band structures are dominated by a parabolic dispersion in the center of

BZ which is strongly modified near zone boundaries. The Fermi surface complexity of these

two p-block metals is reflected in the energy relationships, E(pz, pT ) of the electron states that

can contribute to photoemission. The results of the DFT-based analysis for photoemission

from (001) and (110) faces are shown in Figure 5.9. For each element, Figure 5.9(a) shows

the electronic states (shaded regions) below the Fermi level (solid line) that may contribute

to photoemission as function of the internal crystal momentum in the (001) and (110) direc-

tions (pz) and their transverse momentum (pT ) directions. One set of electronic states from

the p band that cross the Fermi level contribute to photoemission from the (001) and (110)

crystal faces for both metals. For emission from the (001)-face of both Al and Pb, the state
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distribution is fairly symmetric about the Γ – X direction. For Al(001), the emission is from

the ∆1 ‘electron-like’ band centered at Γ point [224]. On the other hand, Pb(001) emission

is from the ∆6 ‘hole-like’ band. In both cases, the transverse momentum distribution of the

emitted electrons is very symmetric (Figure 5.9(b)). Emission from the (110)-face of both Al

and Pb involves two ‘electron-like’ bands. In Al (Pb) case, the Σ1 (Σ+
5 ) and Σ3 (Σ−5 ) bands

are associated with the (110) photoemission, and these two bands are not symmetric with re-

spect to Γ–K direction. For (100) face emission, the symmetric pT distribution is ascribed

to isotropically distorted Fermi surface. Compared with Al(100)’s pT distribution, Pb(100)’s

pT distribution in the [110] direction has slightly longer tail than that in [010] direction, but

the minor difference does not result in an obvious ∆pT difference between the (010) and (110)

transverse directions. All the contributing bands for both metals are fairly symmetric about

the (001) crystal direction, but are not as symmetric about the (110) direction, which leads to

relatively isotropic transverse momentum distributions for (001)-face emission and somewhat

anisotropic transverse momentum distributions for the (110) direction (Figure 5.9(b)). The

spatially averaged values of ∆pT extracted from these calculated momentum distributions are

listed in Table X together with the values of ∆pT0 =
√
m0∆E/3 [52, 53]. In all cases, ∆pT0 is

greater than the results of the DFT photoemission simulation.

Figure 5.9(c) shows the theoretical dependence of ∆pT on the incident photon energy ~ω for

Te → 0 (data points) together with the form predicted by ∆pT0 =
√

∆Em0/3 (black dashed
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(a) (b) (c)

Figure 5.9: The results from the DFT-based photoemission analysis for the (001)/(110) face of
Al and Pb. (a) Crystal momentum map of the electronic states (shaded regions) below the Fermi
level (solid line) that may photoemit within pT,max =

√
m0∆E (dashed lines) for the transverse

(010)/(001) and (110)/(110) crystal directions. (b) Transverse momentum distribution of the
photoemitted electrons in the (010)/(001) and (110)/(110) directions. (c) Incident photon
energy dependence of the rms transverse momentum ∆pT for electron temperatures Te → 0
(data points with solid line fit); ∆pT = A

√
m0∆E, Te =300K and the melting points of each

metal (dot-dashed lines), together with the expected form of ∆pT =
√

(~ω − φ)/3 (black dashed
line).
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TABLE X: Summary of emission property results for Al and Pb.

Metal face A(0K) A(300K) A(melting point) ∆pT,DFT (
√
m0eV )

Al (100) 0.333 0.333 0.337 0.200
Al (110) 0.414 0.415 0.418 0.196
Pb (100) 0.210 0.210 0.210 0.203
Pb (110) 0.191 0.191 0.191 0.199

Melting points for Al and Pb are 993K and 601K [225], respectively.

line). For both metals, the theoretical data are a good fit to ∆pT = A
√

(~ω − φ)m0 (solid line),

giving the A values shown in Table X, which are significantly less than 0.577. The dashed line

is the fitted form of ∆pT (~ω) when Te equals 300 K evaluated using the Fermi-Dirac function to

describe the occupation of the electronic states generated by the zero temperature DFT band

structure calculations (data points not shown). The rms transverse momentum of the emitted

electrons does not increase significantly for electron at room temperatures. Also shown in Fig-

ure 5.9(c), is the fit to ∆pT (~ω) at the melting point of each metal (dot-dashed line), which

are again not significantly different to ∆pT (~ω, Te → 0) since the excess photoemission energy

∆E � kBTe are at the melting point. As before (Chatpers 3 and 4), thermionic emission of

the tail of the Fermi distribution when ~ω < φ is not included as the photoemission efficiency

is much reduced.

Table X summarizes the values of A(ijk) extracted from the fits to the ∆pT (~ω, Te) DFT

data in Figure 5.9(c) for each of the stated transverse directions for both the (001) and (110)

crystal faces of Al and Pb. The two p-block FCC metals are predicted to have some emission
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anisotropy for the (110) faces while emission from their (001) faces should be isotropic in to

which 5% — a trend that is consistent with the isotropy associated with the photoemitting

states (Figure 5.9(b)).



CHAPTER 6

HEXAGONAL CLOSE–PACKED METAL PHOTOCATHODES

In Chapter 4 and 5, I discussed the emission properties of BCC and FCC photocathodes.

Many BCC and FCC metals are very attractive photocathodes, but they do not generally show

the influence of Brillouin zone anisotropy on ∆pT ; that is, they do not possess Fermi surface

with uniaxial or biaxial symmetry that could result in intrinsic ∆pT anisotropy. In this chapter,

I calculate the lattice constants, work functions, Fermi surfaces and ∆pT of HCP metal crystal

photocathodes, which are intrinsically anisotropic. In addition, emission from (0001)-oriented

Be is examined due to the presence of a strong surface state, photoemission from which gener-

ally produces a relatively isotropic rms transverse momentum distribution since the basal plane

band dispersion is quite isotropic.

A DFT-based analysis of photoemission on HCP metals is developed and the calculated rms

transverse momentum (∆pT ) values are in good agreement with the available experimental data

on polycrystalline Beryllium [56] and Magnesium [226]. In Section 6.1, the lattice constants and

work functions of the 15 elemental HCP metals are examined and compared with the available

experimental values. In Section 6.2, along with the evaluation of ∆pT on selected HCP metals

(Be, Hf, Mg, Sc, Ti, Y, and Zr), I demonstrate the dependence of ∆pT on the basal plane

and prism plane photoemission, the latter directly demonstrating the connection between the

anisotropic electronic properties of HCP metals and anisotropic transverse momentum distribu-

108
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tions of emitted electrons. In Section 6.3, the photoemission from the Mg(0001) face that may

generate an electron beam with an isotropic transverse momentum distribution are described

in detail. In Section 6.4, emission from the (0001) face of the seven HCP metals is discussed,

and a more detailed analysis of Be(0001) photocathodes is presented where a robust surface

state [60–64] can contribute to photoemission. In Section 6.5, the (0001)-face emission from Hf,

Sc, Ti, Y, and Zr metals are also discussed.

6.1 Physical and Electronic Property Anisotropy

The hexagonal crystal structure has four lattice constants that differ with direction; identical

a1, a2 and a3 constants in the hexagonal band plane, and the c in the perpendicular direction.

The lattice constant c is always greater than a, and for an ideal HCP crystal structure c/a ≈

1.633. For the lattice constant calculation, ultrasoft pseudopotentials within the local density

approximation [189] are used for all 15 HCP metals; the results of our analysis are not changed

if the GGA [105] is used instead. A sampling of 10×10×6 Monkhorst-Pack [106] set of special

k-points and Marzari-Vanderbilt smearing [227] with a broadening of 0.02 Ryd is employed and,

for the 4d, 5d and 6p metals, relativistic approximations are included [109, 110]. In addition,

ferromagnetic collinear local spin density approximation (LSDA) has been used to find the

optimized geometry of HCP Co due to its magnetic property [228]. The DFT-based calculations

were all initiated using the experimental lattice parameters for each HCP metal and then tested

for total energy convergence to a tolerance of 10−4 eV. Minimization of the total energy then

yields the theoretical optimized lattice constants a and c that are compared in Table XI to their
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experimental values.

The comparison of the DFT-generated lattice constants with the experimental values in Ta-

ble XI not only shows good agreement, but also reveals a wide range in the c/a lattice constant

ratio from 1.567 for Be to 1.886 for Cd. This ratio range is related to electronic state mixing

and hence anisotropy in the electronic band structure. In the divalent HCP metals Be, Mg, Zn,

and Cd the p valence electron levels are closest to the occupied s levels whereas electrons in

the d levels are energetically well separated from both in Zn and Cd. As a consequence, in Be

and Mg, high-symmetry s-p mixing is linked to a preferred formation of the energy band near

the Fermi level, and thus, electronic band structures with close to parabolic dispersion below

the Fermi level. However, there is no similarity between the alkali metal’s close to spherical

Fermi surfaces and those of Be and Mg [55] due to the latter’s non-cubic crystal symmetry and

the fact that two valence electrons ensure that their Fermi surfaces enclose twice the volume

in momentum space. Nonetheless, Mg with a c/a lattice constant ratio of 1.624 is within 1%

of ideal close packing where c/a = 1.633. In contrast, for Cd and Zn there is a significant

mixing contribution from the d states which leads to large non-ideal c/a ratios of 1.886 and

1.896, respectively. For Tl, the only 6p HCP transition metal, c/a = 1.599; its Fermi surface

consists of three non-spherical structures [237] and its Fermi energy lies in an almost pure 6p

band above the top of the s band. According to the extensive investigations by F. Batallan

et al. [231], R.A. Deegan [238], and D.G. Pettifor [239], the electronic bands of the other ten

d-block transition metals (3d (Co, Sc and Ti), 4d (Ru, Tc, Zr and Y) and 5d (Hf, Re and Os))
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TABLE XI: Calculated lattice constants of the 15 HCP metals compared with the experimental
literature values.

Expt. (a.u.) Expt. c/a DFT (a.u.) DFT c/a

Be a=4.32 1.567 [229] a=4.20 1.590
c=6.77 c=6.68

Cd a=5.63 1.886 [230] a=5.48 1.896
c=10.62 c=10.39

Co a=4.74 1.571 [231] a=4.52 1.617
c=7.45 c=7.31

Hf a=6.04 1.579 [109] a=5.88 1.594
c=9.54 c=9.37

Mg a=6.06 1.625 [232] a=5.89 1.642
c=9.85 c=9.67

Os a=5.17 1.579 [109] a=5.17 1.571
c=8.16 c=8.12

Re a=5.22 1.609 [233] a=5.04 1.587
c=8.40 c=8.00

Ru a=5.10 1.582 [109] a=5.16 1.663
c=8.07 c=8.58

Sc a=6.24 1.591 [234] a=6.03 1.589
c=9.93 c=9.52

Tc a=5.18 1.585 [235] a=5.11 1.624
c=8.21 c=8.30

Tl a=6.53 1.599 [236] a=6.40 1.608
c=10.44 c=10.29

Ti a=5.58 1.586 [234] a=5.36 1.612
c=8.85 c=8.64

Y a=6.89 1.572 [234] a=6.61 1.587
c=10.83 c=10.49

Zn a=5.01 1.804 [230] a=4.83 1.888
c=9.04 c=9.12

Zr a=6.10 1.595 [109] a=5.91 1.636
c=9.73 c=9.67
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are primarily d-like and not parabolic near Fermi level. They have low lying d levels leading

to a s-p and d synthesized band structures with the c/a ratios from 1.540 to 1.609. The large

variation in the c/a lattice constant ratios and associated electronic band structure details for

the HCP elemental metals generates anisotropic Fermi surfaces and energy-momentum relation-

ships E(~k), and thus asymmetric local densities of states g(E,~k), in addition to considerable

work function anisotropy, φ(ijkl) — all of which are involved in photoemission for any particular

crystal direction.

Knowledge of the photoelectric work function and its anisotropy is the second requirement

for our DFT-based photoemission analysis. We evaluate φ(ijkl) using the thin-slab method [122]

which requires knowledge of the atomic potentials, their lattice positions in the ABAB z-

direction hexagonal stacking (Table XI), and the metal’s Fermi level acquired from the bulk

DFT band structure calculations. In our evaluations of φ(ijkl), unrelaxed slabs generally consist-

ing of 8-13 atomic layers separated by a 15Å vacuum region are employed as this is sufficient to

ensure that both the vacuum and average crystal potential reach equilibrium. The work function

may then be determined from the energetic difference between the Fermi and the vacuum levels

to a calculation uncertainty of typically ±0.05 eV. We note that even though small surface layer

relaxations are expected for both (0001) and (1010) faces [240], the surfaces of the HCP metals

are also known to be less likely to reconstruct at low temperatuers [241]. Moreover, although

the LDA can be expected to represent the better choice of exchange-correlation functional if

a better match to experimental values of φ(ijkl) is desired, our calculations indicate that even
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with surface relaxations, neither the LDA nor the GGA exchange-correlation functional appear

to represent a more accurate choice [240]. The results obtained from the unrelaxed thin-slab

simulations for work functions of the (0001) and (1010) crystal faces for all 15 HCP elemental

metals are shown in Table XII, together with available experimental and theoretical values from

the literature. The tabulated data clearly shows that the intrinsic anisotropic nature of HCP

metals also results in a strong crystal orientation dependence of the work function.

As mentioned in Chapter 3, the DFT-based theoretical analysis clearly indicates that ∆pT

is dependent on the characteristics of the state or band form which the electrons are pho-

toemitted. The electronic band structures of HCP metals show strong anisotropy, as has

been demonstrated by previous theoretical and experimental studies of their electronic proper-

ties [168,230,243,247,252–258]. For example, HCP metals have ‘electron-like’ (upward parabola)

bands and ‘hole-like’ (downward parabola) bands that cross the Fermi level along both abscissa

(Γ – K or Γ – M) directions (See Figure 6.1) such as the Σ3, Σ5, T4 and T5 bands, and the

ordinate (Γ – A) direction (See Figure 6.1) such as the ∆8 bands for Zinc; but not all HCP

metals have bands that cross the Fermi level in the ordinate direction, for example Be. In

addition, open orbits (non-closed Fermi surface) have been found by dHvA measurements on

the Fermi surfaces of Co (0001), Tl (1010) and Tl (0001) [231,236]. The complexity of the HCP

Fermi surface highlights the advantage of DFT-based investigations of the properties of HCP

photocathodes, since they are able to evaluate the real material’s electronic band structure and

Fermi surface so that ∆pT can be quantitatively extracted from the intrinsic electron transverse
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TABLE XII: Work functions of the 15 HCP metals

Surface φ (eV) Method φDFT (eV)

Be (P)a 3.92 [242] Expt.
(P) 4.98 [212] Expt.
(0001) 5.10 [243] Expt. 5.61

5.40 [244] Theory
5.62 [168] Theory

(1010) 3.88
Cd (P) 4.22 [212] Expt.

(0001) 4.00 [245] Expt. 4.17
(1010) 4.76

Co (P) 5.00 [212] Expt.
(0001) 5.55 [246] Expt. 5.62

Hf (P) 3.90 [212] Expt.
(0001) 4.51
(1010) 3.63

Mg (P) 3.66 [212] Expt.
(0001) 4.05 [247] Theory 3.87

3.70 [244] Expt.
(1010) 3.79

Os (P) 4.83 [212] Expt.
(0001) 5.62
(1010) 4.94

Re (P) 4.96 [212] Expt.
(0001) 5.22-5.77 [248] Expt. 5.35
(1010) 5.75 [212] Expt. 5.67

Ru (P) 4.71 [212] Expt.
(0001) 5.40 [249] Expt. 5.37
(1010) 4.59

Sc (P) 3.50 [212] Expt.
(0001) 3.81
(1010) 3.10

Tc (P) 4.88 [212] Expt.
(0001) 5.15
(1010) 4.31

Tl (P) 3.84 [212] Expt.
(0001) 3.90
(1010) 3.93

Ti (P) 4.33 [212] Expt.
(0001) 4.60(±0.2) [250] Expt. 4.72
(1010) 3.63

Y (P) 3.10 [212] Expt.
(0001) 3.60
(1010) 3.08

Zn (P) 4.33 [212] Expt.
(0001) 4.15 [247] Theory 4.43
(1010) 5.04

Zr (P) 4.05 [212] Expt.
(0001) 4.26-4.51 [251] Theory 4.42
(1010) 3.59

(P)=Polycrystalline
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momentum distribution inside HCP metals.

Figure 6.1: The first Brillouin zone of a simple hexagonal lattice.

The emitted electron’s rms transverse momentum also depends foundamentally on the pho-

toemission excess energy, so that, for a constant photon energy ~ω, an anisotropic photocathode

work function leads to a variation in ∆pT with respect to the different micro-crystal orientations

in a polycrystalline photocathode. For instance, the work functions of Rhenium are well known

as a function of crystal orientation by previous experimental work function measurements [235],

and the values vary from a minimum value or Re(2111) of 4.70±0.04eV to a maximum value

for Re(1010) 5.95±0.15eV. Based on the calculated work functions and the photocathode se-

lection criteria in Section 2.5, I will restrict the analysis of the photoemission characteristics of

elemental HCP metal photocathodes to Be, Hf, Mg, Sc, Ti, Y, and Zr. The fact that the HCP
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crystal structure is intrinsically anisotropic, and hence, so is the electronic crystal band struc-

ture, immediately suggests that the momentum distribution of electrons photoemitted from the

(0001) crystal face should be different to that emitted from the (1010) face. The (1010) crystal

orientation will be used to illustrate that the anisotropic electronic properties of HCP metals

causes emission anisotropy.

6.2 (1010)-Face Emission

The preferred crystal orientations for HCP metals are the (1010) and (0001) faces which

will therefore dominate the constitution of HCP polycrystalline sample [259]. As, in general,

φ(1010) <φ(0001) (Table XII), one expects the emission properties of the (1010) face to play

an important role in determining the characteristics of HCP metal photocathodes. The thin-

slab analysis [184] indicates that φ(1010) ranges from 3.08 eV for Y to 3.88 eV for Be (See

Table XII). As a result, for incident 4.75 eV (or even 4.67 eV) UV photons, one might expect

efficient (∼10−4 quantum efficiency [226]) isotropic photoemission since the maximum possible

transverse momentum pT,max. = (2m0∆E)1/2 of around 1.5 (m0eV)1/2 should allow access

to many electronic states in the metal photocathodes. However, as shown below, the highly

anisotropic band structure (due to the symmetry of HCP crystals) can play a major role in

determining the rms transverse momentum ∆pT of the photoemitted electrons, even generating

beams with a highly elliptical divergence symmetry from the (1010) face.
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(a) (b) (c)

Figure 6.2: Emission properties for the (1010) face of Be, Mg, Y and Zr metals. (a) Crystal
momentum map of the electronic states (shaded regions) below the Fermi level (solid line) that
may photoemit within pT,max. =

√
2m0∆E (dashed lines) for the transverse (0001) and (0110)

crystal directions. (b) Transverse momentum distributions of the photoemitted electrons in the
(0001) and (0110) directions (Gaussian fits are guides to the eye). (c) Incident photon energy
dependence of the rms transverse momentum ∆pT for electron temperatures Te → 0 (data
points with solid red line fit, for (0110) crystal direction and solid blue line fit for (0001) crystal
direction), together with the expected form of ∆pT (~ω) from Refs. [52] and [68] (dashed line).
Black circles show the measured ∆pT data from Refs. [56] and [226] for Be and Mg, respectively.
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Figure 6.2 displays the results obtained from the DFT-based photoemission simulation for

the (1010) face of Be, Mg, Y and Zr when ~ω=4.75 eV. In each case, Figure 6.2(a) shows the

electronic states (shaded regions) below the Fermi level (solid line) that contribute to photoe-

mission along the (0001) and (0110) crystal momentum directions perpendicular to the (1010)

emission direction. An acute asymmetry of the contributing states in transverse momentum pT ,

caused by the energetic position of the Fermi level in the HCP band structure, is immediately

evident, with Be being the most asymmetric and Zr the most symmetric. For Be(1010) emission,

the ‘hole-like’ dispersion of the contributing ∆2 band in the (0001) direction is so strong that

emission ceases for pT > 0.4 (m0eV)1/2, even though electron emission up to pT,max. = 1.319

(m0eV)1/2 (dashed line) from the same band is possible in the (0110) momentum direction.

The ∆2 band also contributes to the state asymmetry for Mg emission although to a somewhat

lesser extent as some photoemission is now also possible at pT,max. = 1.386 (m0eV)1/2 (dashed

line) in the (0001) transverse momentum direction due to the T2 and T4 bands [260]. There is

also an additional anisotropic contribution to photoemission from Mg from the ‘electron-like’

Σ1 band at lower values of pz. For Y, a large number of predominantly ‘hole-like’ electronic

states, that are more isotropically distributed about the (1010) emission direction than in Be

and Mg and extend to pT,max.=1.828 (m0eV)1/2 (dashed line) in both the transverse (0001)

and (0110) crystal momentum directions, will contribute to the photoemission. For the (1010)

face of Zr, photoemission with ~ω=4.75 eV is possible up to pT,max. = 1.523 (m0eV)1/2 (dashed

line) in all transverse directions and the contributing states appear to be even more symmet-

rically distributed about the (1010) emission direction. The photoemitting states for both Y
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and Zr are terminated by the MK edge of Brillouin zone at pz = 2.93 (m0eV)1/2 and pz = 3.21

(m0eV)1/2, respectively.

The trend of decreasing anisotropy from Be, through Mg and Y, to Zr is reflected in the

transverse momentum distributions of the emitted electrons shown in Figure 6.2(b). For exam-

ple, for Be(1010) emission at the considered 4.75 eV photon energy, the calculated rms trans-

verse momentum for photoemitted electrons parallel to the (0001) crystal direction, ∆pT,(0001)=

0.147 (m0eV)1/2, is a factor of more than two lower than that for the (0110) crystal direction,

∆pT,(0110) = 0.312 (m0eV)1/2. For the (1010)-face of Mg, this ratio in the directional rms

transverse momenta of the emitted electrons is reduced to ∼1.4, and it is further reduced for Y

and Zr, with emission from the latter being close to isotropic. All the values of ∆pT extracted

from the DFT analysis are also significantly lower than that expected from the isotropic single-

band theory of Dowell and Jensen [52, 68]; namely, ∆pT0 =
√
m0∆E/3 evaluated using the

listed values of φ(1010) determined from the thin-slab calculation [184] (from Table XII). This

is primarily due to the contribution of ‘hole-like’ bands to photoemission for this HCP crystal

orientation; unlike ‘electron-like’ bands, ‘hole-like’ states below the Fermi level are generally at

higher pT which reduces the available excess energy and hence the transmission efficiency over

the work function barrier.

Figure 6.2(c) displays the photon energy dependence of both ∆pT,(0001) and ∆pT,(0110) de-

termined by the DFT-based analysis for (1010)-face emission from the Be, Mg, Y and Zr HCP
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crystalline photocathodes. The theoretical data points, which reflect the ±0.05 eV uncertainty

in the work function evaluation, are well fit by ∆pT = A
√

(m0∆E) (solid lines) for electrons

emitted with pT in both the (0001) and (1010) crystal directions. Also shown by the dashed

lines is the trend in ∆pT0(~ω) from the analysis of Dowell and Jensen (A = 0.577) [52,68] which,

in all four cases, predicts a value of the rms transverse momentum that is on average a factor

of 2 greater than that determined by our analysis. The DFT-based photoemission analysis

is, however, consistent with the available experimental data for polycrystalline Be [50, 56] and

Mg [226] photocathodes, which are expected to preferentially expose (1010) microcrystalline

faces [259]. For Mg with ~ω = 4.66 eV, Wang et al. [226] report an upper limit on the normal-

ized transverse emittance of 0.40(±0.1) mm.mrad/mm, which equates to ∆pT = 0.290(±0.07)

(m0eV)1/2 — a value that is plotted in Figure 6.2(c) for Mg(1010) emission with an estimated

±0.1 eV uncertainty in the effective work function due to both the uncertainty in the value

of φ(1010) and the Schottky effect in the employed RF gun. Similarly, the span of the two di-

rectional transverse values of ∆pT predicted for Be(1010) emission is consistent with the value

of 0.225(±0.01) (m0eV)1/2 (also plotted in Figure 6.2(c)) determined for a polycrystalline Be

photocathode using the solenoid scan technique with a 20kV DC photo-gun and 4.75 eV pho-

tons [50,56].

Table XIII summarizes the values of A(0001) and A(0110) (in terms of A(0001)) extracted from

the fits to the ∆pT (~ω) DFT data in Figure 6.2(c), together with results obtained for (1010)-

face emission from HCP Hf, Sc, and Ti. The two Group IIa elements (Be and Mg) are predicted
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to have the largest anisotropy in the rms transverse momentum of the emitted electrons, while

emission from both the Group IIIb (Sc and Y) and Group IVb (Ti, Zr, and Hf) elements should

be isotropic in ∆pT to within 10% — a trend that is consistent with anisotropy associated with

the photoemitting states (Figure 6.2(a)). The fact that all the values of A(ijkl) are around half

of the 1/
√

3 factor derived in Refs. [52] and [68] suggests that these seven (1010)-face emitting

HCP elemental metal photocathodes will have a brightness ∼4× larger than expected.

TABLE XIII: Photoemission properties of (1010)-face HCP metals.

φ(1010) A(0001) A(0110)/A(0001)

(±0.05 eV)

Be 3.88 0.160 2.10
Mg 3.79 0.241 1.33
Sc 3.10 0.221 1.05
Y 3.08 0.222 1.08
Ti 3.63 0.295 1.04
Zr 3.59 0.287 1.03
Hf 3.63 0.281 1.08

We also note that in accordance with the results for the BCC and FCC elemental metal

photocathodes (See Chapter 4) and 5, the DFT-based photoemission analysis indicates that the

electron temperature Te = 300K has little effect on ∆pT up to the melting points [225] of the

four investigated HCP metal photocathodes. In particular, the values of A in ∆pT = A
√
m0∆E

do not change by more than about 1%, which is well within the intrinsic uncertainty of the sim-

ulation technique. To a large extent, this temperature insensitivity is due to the preponderance

of ‘hole-like’ states for (1010)-face emission, for which higher electron temperatures generate
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occupation in higher energy states with lower pT that therefore do not contribute to significant

increase in ∆pT .

6.3 Magnesium (0001)-Face Emission

In general, it is only photoemission from the HCP (0001)-face that may generate an elec-

tron beam with an isotropic transverse momentum distribution. In contrast to the HCP (0110)

face, the HCP (0001) face is more isotropic due to the hexagonal shape of HCP basal plane.

As a result, the transverse momentum distribution of HCP (0001) crystal orientation is quite

isotropic about the [0001] axis of symmetry and the photoemission direction. In this section,

I take Mg(0001) emission as an exemplar, for which the work function (See Table XII) allows

photoemission for incident 4.75eV photons. As in the previous analysis presented in this thesis,

the DFT-based photoemission model outlined in Chapter 3 is used to evaluate the rms trans-

verse momentum ∆pT of the emitted electrons.

Figure 6.3 displays the DFT based photoemission simulation results for emission from

the (0001) face of magnesium (φ(0001) = 3.87(±0.05) eV). Figure 6.3(a) illustrates the elec-

tronic states that contribute to the photoemission (shaded region) below the Fermi level (solid

line) along two crystal momentum directions (1010) and (0110) transverse to the (0001) emis-

sion direction when the incident photon energy is 4.75 eV; that is, for an excess energy ∆E

=0.88(±0.05) eV. As expected from the band structure calculations [232, 260], the emission

states in the basal plane of this HCP metal are ‘electron-like’ (positive dispersion) and highly
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symmetric about the (0001) emission direction for this metal. The dashed line in Figure 6.3(a)

indicates the maximum possible transverse momentum for the photoemitted electrons, which

is simply given by pT,max. = (2m0∆E)1/2 ≈ 1.327 (m0eV)1/2. At this value of the transverse

momentum, the transmission efficiency over the photoemission barrier, T (pz, pz0), is zero since

pz0 = 0, so that the transverse momentum distributions of the emitted electrons terminate at

pT,max.. As the transverse momentum pT is reduced, more electron states below the Fermi level

can contribute to photoemission with those states nearest the Fermi level having the largest

local density of states g(E,~k) and the highest values of T (pz, pz0).

(a) (b) (c)

Figure 6.3: Mg(0001) photoemission analysis for ~ω = 4.75eV. (a) Crystal momentum map
of the electronic states (shaded regions) below the Fermi level (solid line) that may photoemit
within pT,max. =

√
2m0∆E (dashed lines) for the transverse (1010) and (0110) crystal directions;

(b) Transverse momentum distributions of the photoemitted electrons in the (1010) and (0110)
directions (Gaussian fits are guides to the eye); (c) Incident photon energy dependence of the
rms transverse momentum ∆pT for electron temperatures Te → 0 (data points with solid red
line fit; ∆pT = A

√
m0∆E), Te = 300K (dot-dashed line), together with the expected form of

∆pT (~ω) from Refs. [52] and [68] (dashed line).
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The high transverse symmetry of the Γ−4 emission band about the (0001) crystal direction

ensures that the resulting weighted transverse momentum distributions of the photoemitted

electrons are nearly identical along the (1010) and (0110) crystal momentum directions (Fig-

ure 6.3(b)). The spatially-averaged value of the rms transverse momentum ∆pT extracted from

these pT distributions for Mg(0001) emission is 0.322(±0.008) (m0eV)1/2 — a value which is

only 60% of that predicted by prior analyses [52, 68]; ∆pT0 = 0.542(±0.015) (m0eV)1/2. The

explanation for the lower than expected value of ∆pT is associated with the energetic position

and dispersion of the Γ−4 electron band. Our band structure calculations indicate that the

energetic minimum of this band at the Γ point is only 1.2 eV below the Fermi level. As a

result, for ∆E ≈ 0.9 eV, nearly all the available states along the (0001) crystal direction at

pT = 0 are accessed, generating a gibbous, rather than crescent (See Figure 4.6, Figure 4.8,

Figure 4.10, Figure 5.5 and Figure 5.9), shape to the shaded region in Figure 6.3(a). Thus,

disproportionately more states at lower pT emit than at higher pT , which yields a reduced value

of ∆pT .

Figure 6.3(c) displays the dependence of ∆pT on the incident photon energy ~ω predicted

by the DFT-based simulation for photoemission from Mg(0001). The solid line is a fit to the

theoretical data points of the form ∆pT = A
√
m0(~ω − φ(0001)), giving a value for A of 0.343.

Comparing this value of A with 0.577 from ∆pT0 =
√
m0∆E/3 (dashed line in Figure 6.3(c)),
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again indicates that the rms transverse momentum from Mg(0001) is a factor of ∼1.7 less than

expected from prior analyses [52, 68]. Both of these evaluations of ∆pT are, again, determined

in the ‘zero temperature’ limit; that is, for an electron temperature Te → 0, so that no elec-

trons occupy states above the Fermi level. The dot-dashed line (just above the solid line) in

Figure 6.3(c) shows the predicted form of ∆pT (~ω) when Te = 300K (data points not shown)

which is evaluated by including the Fermi-Dirac function f(E) = 1/(1+exp[−(EF −E)/kBTe]),

where kB is Boltzmann’s constant, to describe the occupation of the electronic states around

the Fermi energy EF , albeit for the ‘zero temperature’ crystal band structure. The increase

(or change) in ∆pT is less than 1% in this case since ∆E and the value of EF measured from

the bottom of the Γ−4 band are both much greater than kBTe; that is to say that the addi-

tional partially populated states above the Fermi level are a very small perturbation in the

photoemission simulation. Even if Te is increased to 923K, the melting point of Mg [225], the

theoretical increase in ∆pT is insignificant compared to the uncertainties on the DFT-based

photoemission simulation. We note that the Boltzmann tail of the Fermi-Dirac distribution

will allow photoemission for ~ω < φ(0001) [65], essentially photo-assisted thermionic emission,

but this effect is again not considered here as the emission efficiency will be much reduced.

6.4 Berillium (0001)-Face Emission

Photoemission from the (0001) face of HCP metals generally produces a relatively isotropic

rms transverse momentum distribution since the basal plane band dispersion is also quite

isotropic, as shown for Mg(0001) in Figure 6.3. There are, however, complications that are
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introduced by both the details of the electronic band structure, coupled with the required

energy-momentum relationship (Equation 3.2), and the presence of two-dimensional surface

states.

Figure 6.4: Calculated Be(0001) bulk and surface electronic states in the SBZ: Projected bulk
states (grey shading) and the surface state below (solid red line) and above (dashed red line)
the Fermi level (thin dashed line). The DFT evaluated vacuum level at φ(0001)=5.61 eV is
indicated by a thin solid line.

In contrast to Mg, the Fermi level in Be and the Group IIIb metals (Sc and Y) does not

cross the Γ→ A direction of the Brillouin zone [261], meaning that there are no bulk electronic

states that can photoemit electrons with zero transverse momentum pT for the (0001) emission

direction. As a result, the values of φ(0001) evaluated from the energetic difference between the

vacuum and Fermi levels (Table XII) will not reflect the actual bulk-state work function for the

(0001) crystal face. The most extreme case is Be(0001) emission since, as shown in Figure 6.4,
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the bottom of the occupied Γ+
3 band with an effective mass greater than the free electron mass

m0 [262] is 4.6 eV below the Fermi level. As a result, the energy-momentum relationships

governing the one-step photoemission process (Equation 3.2) dictate that the first electrons to

be emitted from the bulk states originate near the Γ point and require a photon energy ~ω >

φ(0001) + 4.6 eV, giving an effective (0001)-face work function of about 10.2 eV — an energy

well beyond common UV laser sources. Similar arguments associated with the position of the

occupied bands in Sc and Y indicate that their thin-slab calculated values of φ(0001) are also

increased to give effective work functions of around 4.55 eV and 4.22 eV, respectively.

For sufficiently clean Be(0001) crystal faces, however, the effective work function will only be

around 8.4 eV due to the existence of a strong two-dimensional surface state in the 6 eV energy

gap between the lower occupied Γ+
3 and upper unoccupied Γ−4 bulk electronic bands [60–64].

This surface state, with its near-perfect parabolic dispersion about the Γ point of the SBZ,

lies 1.8eV above the lower Γ+
3 bulk band at zone center and its Γ point is 2.8 eV below the

Fermi level [60–64]. Angle-resolved photoemission spectroscopy measurements [63] have indi-

cated that the effective mass of the surface state is about 1.50m0; m∗ = 1.53m0 in the Γ→ M

direction and m∗ = 1.45m0 in the Γ→ K direction. As for emission from the bulk states, this

means that photoemission from the surface state of Be(0001) will first occur from states around

the Γ point as this requires the least energy. Consequently, photoemission from the Be(0001)

surface state is predicted to only occur when ~ω > φ(0001) + 2.8 eV, where φ(0001)=5.61 eV.
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For the theoretical determination of the characteristics of the Be(0001) surface state within

our DFT framework, thin-slab calculations employing the LDA pseudopotentials [189] in the

Quantum-ESPRESSO code [101] are used. The surface is modeled in the two-dimensional ir-

reducible SBZ with 13 atomic layers separated by 15 Å of vacuum — the slab configuration

used to obtain a reasonable value for the work function for the Be(0001) surface, which then

sets the energy scale for the two-dimensional quantum-confined surface state. Figure 6.4 shows

the results of the computed Be(0001) surface state electronic structure in the two transverse

symmetry directions (ΓM and ΓK) of the SBZ along with the projected bulk states. The cal-

culated minimum energy of the surface state (solid red line) at the Γ point is 2.83 eV below the

Fermi level (dashed line), which is in good agreement with the experimental value of 2.8(±0.05)

eV [60–64]. Further, our evaluation of the Be(0001) surface state indicates that the dispersion of

the confined state is quite isotropic with a transverse effective mass m∗T ≈ 1.5m0, in agreement

with prior work [63]. At the Γ point, the surface state band is calculated to be 1.92 eV above

the minimum energy at the same crystal momentum of the lower bulk band Γ+
3 from which the

electrons in the surface state originate [60–64]. This ‘zero point’ energy ∆Ess then allows eval-

uation of the longitudinal momentum of the electrons in the surface state; pz =
√

2m∗ss∆Ess

≈ 2.4 (m0eV)1/2, if one assumes m∗ss ≈ 1.5m0 is also the effective electron mass of the surface

state in the z direction (i.e., the (0001) crystal direction).

With these assumed constant values of pz and mz for the emitting state, all required pa-

rameters in our DFT photoemission analysis are defined; in particular, those associated with
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the flux transmission probability over the work function barrier (Equation 2.14). The predicted

pT distribution of the emitted electrons for an excess energy ∆E = 0.3 eV (a photon energy

~ω = 8.74 eV (142 nm)) is shown in Figure 6.5. As m∗T > m0 and the surface state has a

constant density of states g(E,~k), electrons are predominantly photoemitted from the Γ point

and no electrons may be emitted beyond pT,max =
√

2m0∆E ≈ 0.77 (m0eV)1/2. In practice,

T (pz, pz0) severely curtails emission beyond pT = 0.5 (m0eV)1/2, resulting in a predicted value

of ∆pT,Be(0001) = 0.141(±0.05) (m0eV)1/2. As expected from the isotropic dispersion of the

two-dimensional surface state, the pT distribution is also symmetric with respect to pT = 0.

If its effective mass were less than m0, the one-step analysis would predict emission peaked at

pT =
√

2m∗EF , which may then directly produce an electron beam suitable for hollow cone

illumination [58,213,214].

Figure 6.5: Evaluated electron transverse momentum distributions (solid circles) in the M and
K directions of the SBZ (the bulk (1010) and (0110) directions) for photoemission from the
Be(0001) surface state with ~ω=8.74 eV. (Gaussian fit is guide to the eye (dashed line).)
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6.5 (0001)-Face Emission From Other HCP Metals

Surface states also exist on the (0001) face of other HCP metals [263,264], but are less robust

than that of Be(0001). In the case of Mg(0001) [265, 266], the Fermi level cuts the upper Γ−4

band ensuring that there are filled bulk states around the Γ point of the SBZ which contribute

to and dominate the photoemission as shown in Figure 6.3. For Sc and Y, our DFT-based

analysis indicates that clean (0001) crystal surfaces of these elemental metals should also have

a surface state. To our knowledge, however, there have been no experimental studies on either

Sc(0001) or Y(0001) to compare with and verify our calculations.

The simulation of bulk state photoemission from the (0001) faces of the Group IVb metals

(Ti, Zr, and Hf) is complicated, much more so than for their (1010) faces, by the positioning of

the Fermi level in the DFT evaluated band structure. The reason for this is the close proximity

of the Γ+
3 band to the Fermi level in the Γ → A direction; that is, whether or not the Γ+

3 band

cuts the Fermi level in this direction. Our DFT calculations suggest that it does not, which

results in their being no emitting bulk states with pT = 0. On the other hand, the work of D.A.

Papaconstantopoulos [261] indicates that it does, while the Fermi surface database from the

University of Florida [267] shows a Fermi surface along the Γ → A direction for Ti and Hf, but

not for Zr. As the one-step photoemission process is sensitive to the details of the electronic

band structure near the Fermi level, either further more accurate theoretical calculations or,

ideally, detailed ARPES (or ∆pT ) measurements are needed to determine the photoemission
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properties of the (0001) faces of the Group IIIb metals.

The use of such a state can be dependent upon the cleanliness of the laser-driven electron

gun since chemical contamination of the photocathode surface may destroy environmentally

sensitive surface states. Similar considerations also affect the use of bulk elemental hcp metal

photocathodes and together with impractical high work functions, low melting points, and mag-

netic effects effectively restrict the choice to only a handful of elemental hcp metals: Be, Mg,

Sc, Ti, Y and Zr. Bi-metal hcp compounds may well overcome many such issues.



CHAPTER 7

SEMICONDUCTOR PHOTOCATHODES

The previous investigations (Chapter 3 - 6) into the photoemission properties of different

crystal structure metal photocathodes (BCC, FCC and HCP) have shown that the DFT-based

metal photoemission model provides good agreement with the experimental measurements of

photoemission properties; in particular, the work function and the emitted electrons’ transverse

momentum distribution. As a narrow transverse momentum distribution with a low ∆pT in-

creases the brightness of a photocathode, the DFT-based analysis technique is now being used

to search for and evaluate potential high brightness photocathode materials. Based on the prior

knowledge of the properties of lead chalcogenides [268–271] and the theoretical evaluations of

metal photocathodes, the (111) face of PbTe is an extremely attractive photocathode material

— it is also well-known as a thermoelectric material with a number of attractive properties

such as relative insensitivity to oxidation, low resistivity and long lifetime [272–274].

In Section 7.1, I present an overview of semiconductor photoemission properties, including

a previous analysis of excited-state thermionic emission (ESTE) from p-type GaSb(001) and

InSb(001) single crystals. In Section 7.2, I evaluate the electronic properties of lead chalco-

genides with special emphasis on the (111) face emission due to the very low effective mass

on Λ+
6 ‘hole-like’ valence band in the L valley. I also present the DFT-based calculations of

the electronic properties of lead salts. In Section 7.3, I evaluate the rms transverse momentum

132
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of (111)-oriented PbTe single crystals and compare the results of PbTe(111) with other known

photocathodes as well as a cold atom electron source and show that the PbTe(111) single crystal

is a potential high brightness photocathode.

7.1 Introduction to Semiconductor Photoemission properties

Semiconductors as laser-driven electron sources can have high-spin polarization [275] and

excellent QEs [276] and, in fact, hold the record for the highest QEs ever achieved so far [277].

However, compared to metals, many semiconductors are not prompt emitters with response

times from 1-10 picoseconds or more. In stark contrast to the limited quantum efficiency of

metals (which in the case of copper, for instance, is only 0.014% even at a UV drive laser

wavelength of 266 nanometers [82]), the quantum efficiency of semiconductors can be quite

good, of the order of 1-50% [276, 278], depending on the material choice and drive laser wave-

length; for example, GaAs(001) at 800nm [279–281] and CsKTe at 262nm [282]. Generally, such

high quantum efficiency semiconductor photocathodes operate in the negative electron affinity

(NEA) regime where the electrons are excited into the condition band of the material whose

energy minimum is above the vacuum level thus allowing nearly all photoexcited electrons to

‘fall out’ of the cathode surface.

Although less efficient, the related process of ESTE has been observed by J.A.Berger et

al. in undoped GaSb(100) and moderately p-type InSb(100) using UV pulses (~ω = 4.75 eV)

with a duration of ∼ 4ps [65]. Here, The known properties of the two semiconductors [283–285]
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allowed one to determine that photoemission was due to therminonic emission from hot electron

distribution photoexcited into the upper Γ8 conduction band, as φ(100) > ~ω for both semicon-

ductors. As shown in Figure 7.1, with photon energy ~ω, the valence bands (heavy hole, light

hole, and split-off bands) can directly populate the upper Γ8 conduction band located at 3.77eV

and 3.59eV above the valence band maximum (VBM) in GaSb and InSb [285]. With 0.3m0

(0.5m0) effective mass m∗ for the Γ8 band of GaSb (InSb), the initially average excess energy

Eelectron above the Γ8 band is 0.35eV (0.41eV), which corresponds to a photoexcited electron

temperature Te of 4,200K (4,920K). The results is a well-populated Boltzmann tail extending

above the vacuum level located at an effective work function φeff of 0.99eV (1.18eV) above

the Γ8 conduction band minimum. Using a the Boltzmann distribution, one can deduce that

a exp[-φeff/kBTe]∼0.06 fraction of the hot electron population is above the vacuum level and

so can produce the observed thermionic emission. The dependence of ∆pT on m∗ is then read-

ily explained through a consideration of energy and momentum conservation in transmission

across a boundary with a potential step associated with φeff [65], and it can be expressed by

∆pT =
√
m∗kBTe.

In contrast to ESTE, one-step photoemission (Section 2.2) in narrow-gap semiconductors

with low effective band masses m∗, which requires photon energy greater than the EF to vac-

uum offset, is also of great interest and and has been recently observed by B. L. Rickman et al

in PbTe(111). It is also well known that the lead chalcogenides represent an important family of

materials which have applications such as thermoelectric performance at high-temperature [286];
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Figure 7.1: Schematic of ESTE in III-antimonides. The vacuum level, conduction band min-
imum (CBM), Γ8 band minimum are in red, green, yellow solid line, respectively. Eg is the
band gap between CBM and the valence band maximum (VBM); E′g is the band gap between
the Γ8 band minimum and VBM; φeff is the energy offset between vacuum level and Γ8 band
minimum. Eelectron is defined to be the initially average excess energy above the Γ8 band min-
imum. The three valence bands (heavy hole, light hole, and split-off bands) are labeled by HH,
LH, and SO, respectively.
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conversion of heat and electricity [287], and the generation electricity from waste heat [288].

The lead salts PbX (X=S, Se, Te) are well-studied narrow-gap semiconductors, as they can

be employed both as an infrared detector [289, 290] and a thermoelectric material [272, 291].

In a bid to gain further insight to the use of PbX (X=S, Se, Te) compounds for future high

brightness electron sources, I report here a benchmark study of the photoemission properties

of these semiconductors, focusing particularly on the (111) crystal orientation relevant to low

∆pT performance.

7.2 p-type Lead Chalcogenides

A number of recent investigations, both experimental and theoretical, have aimed to gather

insight into super-high brightness photocathodes [275,292,293]. According to our investigation

of emission properties of metal photocathodes published in Journal of Applied Physics [172]

and Physical Review ST Accelerators and Beams [294], photoemission from a low m∗ ‘hole-like’

electron band is likely to result in low ∆pT , and rms transverse momentum for emission from

such band is almost electron temperature independent. The prior theoretical calculations of

the electronic properties of lead chalcogenides in the rocksalt crystal structure implemented

the quasiparticle self-consistent approach [268, 295], the augmented-plane-wave method [269]

and ~k · ~p perturbation theory [296]. Together with experimental measurements [297–302], these

calculations show that the band structures of lead salts have a ‘hole-like’ valence band with very

low effective mass at the L valley. These previous studies also show that the band structures of

PbSe, PbS and PbTe are generally similar with minor differences in the spacing of the various
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valence and conduction bands. The valence and conduction band extrema both occur at the

L point of the BZ, and the ‘hole-like’ Λ+
6 valence band is relatively well isolated from other

occupied bands at the high symmetry L point. Both the conduction Λ−6 and valence band Λ+
6

extrema have low effective masses. Importantly, the electron states in the neighborhood of the

vicinity of L point dominate the transport and optical properties of lead salts [303]. Below,

for the purposes of the photoemission simulation, I revisit the electronic calculation of PbX

compounds by DFT in detail, and confirm and supplement the results of earlier investigations.

Bulk PbX (X=S, Se and Te) have a rock-salt crystal structure with experimental low-

temperature equilibrium lattice constants of 5.909Å, 6.098Å, and 6.428Å, respectively [268].

As shown in Figure 7.2, each of the two atom types in the rock-salt structure forms a separate

face-centered cubic lattice. To carry out DFT calculations for a bulk crystal, the electronic

wave function is described by plane-wave-basis sets with a kinetic energy cutoff of 28 Ry, and

the energy cutoff for the charge density was set to 280 Ry. A threshold of 10−4 Ry/Bohr on

the force for the ionic relaxation and 0.05GPa on the pressure for the cell relaxation were used.

Note that although GGA is more complex and indeed gives better bulk properties than LDA,

it is well-known that LDA works better than GGA for certain classes of systems and prop-

erties, in particular for calculating the properties of many nonmetallic systems [304]. This is

because LDA shows a better cancellation of errors between surface exchange and correlation

energies [305, 306]. Therefore, LDA is selected as the exchange-correlation functional for the

lead salt calculations. The DFT lattice constant convergence is performed using a LDA pseu-
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dopotential [189], and the DFT calculated lattice constants are generally within 4.0% of the

experimental values as shown in Table XIV.

Figure 7.2: PbTe rock-salt crystal structure. Left panel is the top view; right panel is the (45o,
45o, 45o) viewing angle. In rock-salt IV-VI compounds, each IV and VI atom is separated by
a/2.

TABLE XIV: Lattice constants and hole effective masses (transverse to the Γ - L direction) for
Lead chalcogenides.

Expt.(a.u) [307] Expt.(a.u) [308] DFT(a.u) m∗T,Expt./m0 [297]

PbS 11.22 11.20 11.01 0.075
PbSe 11.57 11.56 11.31 0.034
PbTe 12.21 12.18 12.01 0.022

For the band structure calculations, using the theoretical lattice constants, the self-consistent

energy is computed by integration over a 6×6×6 k-mesh in the first BZ with energy cutoff

340eV. Full-relativistic effects are included in the DFT calculations, while spin-orbit coupling
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is included during the plane wave self-consistency iterations. The states around the gap are

dominated by Pb and X highly hybridized p bands [268]. As shown in Figure 7.3, the average

direct band gap is 2 - 3 eV, while the minimum band gap occurs at the L point with similar

values of 0.30eV, 0.25eV, 0.26eV for PbX(X=S, Se, and Te), respectively. The DFT calculated

lead salts’ band structures are generally within 15% of the experimental low temperature val-

ues [309], especially, it shows the agreement about the remarkable spiky Λ+
6 valence band in

the vicinity of L point in both L–K and Γ–L directions. The experimental measured transverse

effective masses (m∗T ) [297] for the Λ+
6 band (‘hole-like’) displayed in Table XIV show that m∗T

of lead salts are less than 0.1m0, which is a factor of around 10 less than that of elemental met-

als. A close look at the effective masses obtained for the Λ+
6 band indicates that, among these

semiconductors, PbTe owns the lowest m∗T = 0.022m0. This makes PbTe(111) an attractive

single crystal photoemission material.

The (111) surfaces of the lead salt compounds are terminated by either of lead or chalcogen

surface atoms. Although for the pure lead salts these surfaces are unreconstructed under all

conditions, the chemical composition of the surface may be determined by measuring the inten-

sity of the specularly reflected electron beam in reflection high-energy electron diffraction [310],

which clearly indicates that a surface dipole moment is formed naturally from alternatively

terminated Pb and X layers. For calculating the work function for the (111) cleavage face in

PbX compounds, it is possible to build ‘effectively charged’ lead salt slabs in three different
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Figure 7.3: PbX (X=S, Se and Te) band structure along major high-symmetry points and lines
with EF (black dashed line) at zero energy placed at the top of the VBM. The CBM (L−6 ) and
VBM (L+

6 ) are labeled by red dots. Γ→ L is the [111] direction which has the Λ+
6 band with a

low m∗T below the Fermi level. For the PbTe band plot, the calculated (111) face work function
is indicated by a blue dashed line. The VBM state is an even L+

6 state, while the CBM state
is an odd L−6 state.
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ways based on the terminations of (111) cleaved surfaces: 1) X terminated layers on both sides;

2) Pb terminated layers on both sides; 3) X terminated and Pb terminated on one side each.

These charged-slabs will result in different work functions due to the different dipole slab ter-

minations. In order to simulate the relationship between work function and slab termination

configuration, DFT work function calculation are performed on all three slab configurations.

For all the slab configurations, the Fermi level is pinned just above the VBM by using 0.02

Ry Gaussian spreading; therefore, the evaluated work function is defined as the energy offset

from the VBM to vacuum level. To ensure the accuracy of our work function calculations, the

vacuum thickness is enlarged from 10 to 15Å, the (1×1) supercell thickness (n) is increased

from 7 to 11 atomic layers together with n × n × 1 Monkhorst Pack points [106], to ensure

that the work function values converge within 0.05eV. Dipole correction is added so that the

contributions from electrostatic interaction due to the periodic boundary conditions is taken

into consideration.

As shown in Table XV, the work function values increase as the slab termination changes

from metal to chalcogen, which is consistent with the trend in the work function values from

polycrystalline Pb (4.25eV) to the chalcogens (Se (5.90 eV) and Te (4.95eV)) [125]. Khokhlov

indicates that at elevated temperatures the lead salt (111) surfaces prefer to be metal ter-

minated [311], but all types of termination exist. Therefore, the work function of lead salts

are as a function of the distribution of termination configurations, thus explaining the large

(∼0.4eV) variation in the experimentally measured values of φ(111). Typical work functions of
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the three possible dipole configurations (Pb, Chalcogen, and Pb/Chalcogen) are generally less

than 4.75eV thus allowing photoemission for 261nm (~ω = 4.75eV) UV laser pulses obtained

by harmonic conversion of a diode-pumped, 63MHz repetition rate, femtosecond Yb:KGW

laser [312].

TABLE XV: PbS(111), PbSe(111) and PbTe(111) work functions in eV.

Expt. DFT DFT DFT

(Pb) (Chalcogen) (Pb/Chalcogen)

PbS(111) 4.80a –5.20b 4.49 4.79 4.58
PbSe(111) 4.48c 4.38 4.74 4.53
PbTe(111) 4.10d–4.60e 4.21 4.54 4.30

aReference [313]
bReference [314]
cReference [270]
dReference [315]
eReference [316]

The special feature of PbX compounds in the interior of the first BZ can reveal the elec-

tronic properties of PbX compounds in both transverse and longitudinal point views. As is well

known, the Fermi level of semiconductor is pinned by its impurities — the dopant. For undoped

or weakly p-typed (111)-oriented lead salt single crystal, the Fermi level is just above the top of

‘hole-like’ band dispersions at the L point (VBM). Unlike elemental metals, that have electron

bands across the Fermi level and available electron states at the Fermi energy, semiconductors

do not have such an energy surface if the Fermi level is placed in the band gap. So, instead, in

Figure 7.4 I plot the hole surface at a constant energy E=EF - 0.30eV in the BZ for all three

PbX compounds using a 20 × 20 × 20 uniform k-grid imposed on the 3D irreducible BZ. This

is thus equivalent in photoemission with an excess energy ∆E = 0.3 eV, irrespective of crystal

orientation and emission boundary conditions. It is clear that in [111] direction (Γ→ L) there
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(a) PbS PbS

(b) PbSe PbSe

(c) PbTe PbTe

Figure 7.4: The EF -∆E energy surface for PbX (X=S, Se and Te) with ∆E=0.3 eV. The right
panel is top view; the left panel is the (45o, 45o, 45o) aerial view. The surface is isotropically
distributed about the Γ–L axis.
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is a small ‘muffin-tin’ like surfaces (blue circle) with radii of 0.22
√
m0eV , 0.25

√
m0eV , and

0.20
√
m0eV for PbS, PbSe and PbTe, respectively.

Figure 7.5 shows the PbTe(111) face momentum distributions in the transverse (112) and

(110) directions where ∆E = 0.3 eV. The photoemitting contours are condensed and located at

the edge of L point with a ‘muffin-tin’ shape in the first BZ. For ∆E = 0.3 eV, the theoretical

∆pT,max equals 0.775
√
m0eV , which is indicated by the red dashed lines. Clearly, the ‘hole-like’

Λ+
6 valence band itself plays the dominant role in confining the maximum transverse momentum

within the band tip so that the transverse momentum does not spread from 0 to 0.775
√
m0eV .

The energy surfaces displayed in Figure 7.5 for the same ∆E indicate that this will also be the

case for (111)-face emission in the other PbX salts. In fact, the low values of m∗T for the Λ6+

band in all three lead chalcogenides salts limit pT to less than half of pT,max =
√

2m0(∆E)

— a band bending constraint on pT that is not present in most metals and their alloys. This

important characteristic of PbX(111) photocathodes will lead to the emission of well converged

(low ∆pT ) electron beams.

7.3 ∆pT Analysis of PbTe(111)

The thin-slab work function analysis in Section 7.2 indicates that φ(111) ranges from 4.21 eV

to 4.54 eV for PbTe (See Table XV) — within ±0.1 eV of the reported experimental range of
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(a) (b)

Figure 7.5: PbTe(111) face photoemitting electron energy states contour for excess energy ∆E
= 0.3 eV. The pT,max values are labeled by the red dashed lines. The color palette from red
to blue indicates the energy level from EF to EF −∆E. (a) The (112) transverse momentum
face. (b) The (110) transverse momentum face.

4.10 to 4.60 eV. As a result, for incident 4.75 eV (or even 4.67 eV) UV photons, photoemission

since the maximum possible transverse momentum pT,max. = (2m0∆E)1/2 of around 0.54∼1.14

(m0eV)1/2 should allow access to many electronic states in the PbTe(111) photocathodes. How-

ever, as shown below, the Λ+
6 band structure (due to the low m∗T ) can play a major role in

determining the maximum transverse momentum pT,max as well as ∆pT of the photoemitted

electrons.

Figure 7.6 displays the results from the DFT-based analysis for photoemission from the

(111) face of PbTe with ~ω = 4.75 eV using the work function calculated for the Te termi-
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nated slab, i.e, 4.5 eV. The crystal momentum depiction of the photoemitting electronic states

(shaded regions) ∆E=0.21eV below the Fermi level (solid line) in Figure 7.6(a) clearly shows

that emission is from the ‘hole-like’ states associated with the Λ+
6 band Fermi surface centered

on the Γ-point of the Brillouin zone. The emitting states are very isotropic about the primary

[111] direction and have pT maximum of 0.21
√
m0eV , which is a factor of nearly 3 less than the

value expected from pT,max =
√

2m0(∆E). As a result, the transverse momentum distribution

for the emitted electrons (See Figure 7.6(b)) is quite narrow. In addition, I note that unlike the

III-Antimonies, the PbTe band structure calculation (Figure 7.3) indicates that there are no

upper conduction band minimum within in 3 eV of the vacuum energy — thus eliminating the

possible of ESTE with higher pT . For the work functions associated with the three termination

configurations (See Table XV), the calculated ∆pT of PbTe(111) is 0.067
√
m0eV , 0.125

√
m0eV ,

and 0.152
√
m0eV for the Te, Te/Pb, and Pb terminated slabs, respectively. As expected, with

the same incident photon energy, a Te terminated PbTe(111) single crystal photocathode is

predicted to have the lowest ∆pT as it also has the smallest ∆E.

The expected transverse momentum distribution of a cold atom photoelectron source at

14(±2)K [317] is shown in Figure 7.7 (black dashed line), assuming a Gaussian distribution of

the form exp[− p2T
2∆p2T

] with ∆pT evaluated using
√
m0kBT = 0.0347±0.0131

√
m0eV . For com-

parison, the transverse momentum distributions of Te terminated PbTe(111) and Cr(001) (See
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(a) (b)

Figure 7.6: Te terminated PbTe(111) photoemission states and transverse momentum distribu-
tion under ~ω = 4.75eV: (a) Crystal momentum map of the electronic states (shaded regions)
0.21eV below the Fermi level (solid line) that may photoemit within the real pT,max (dashed
line) for the transverse (112) and (110) crystal directions; (b) Transverse momentum distribu-
tions of the photoemitted electrons in the (112) and (110) directions (Gaussian fits are guides
to the eye).

Chapter 4) are also displayed in Figure 7.7 with the solid green and pink lines, respectively.

For a 300K solid planar photocathode, PbTe(111)’s predicted ∆pT is only a factor of 2 more

than that of the cold atom source, and a factor of 1/2 less than that of Cr(001). Accord-

ing to the expression for ∆pT for thermionic electron emission
√
m0kBT [52], Te terminated

PbTe(111) is close to a 50K electron source. It is important to note that the DFT evaluated

∆pT for PbTe(111) is at zero temperature. So the experimental measured value may be above

this value due to temperature effects (e,g. thermal excitation across the band gap), sample

termination configuration, and other factors (e.g., oxidation and Schottky effect) which can
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affect the effective work function. It is, however, notable that the transmission flux probability,

T (pz, pz0), over the work function barrier is significantly larger for PbTe(111) emission than

most metals. This is because the combination of a relatively small longitudinal effective mass

m∗z and the additional crystal momentum at the L point VBM allows emission close to pz0 =

pz where T (pz, pz0) is maximized. On the other hand, the density of possible excited states is

less in PbTe than most metals due to the much smaller effective mass of the VB in PbTe. The

net result is that the QE of PbTe is expected to be comparable to that of a metal.

Figure 7.7: Comparison of transverse momentum distributions among the lead salt (111) faces,
Cr(001) face and the cold atom source of Ref. [317].
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In practice, the brightness of a next-generation cold electron unstructured photoemission

source cannot arbitrarily increase as ∆pT is reduced. J. M. Maxson has already anticipated

such a limit to be approached in the next generation of high brightness electron sources pro-

ducing intense beams [318]; namely, the thermally induced disorder [318] limits in which any

‘cold’ electron gas quickly equilibrates its temperature so that the kinetic energy associated

with the rms momenta of electrostatic the electron state potential energy associated with their

rms separation. For a ∼50K PbTe(111) photocathode, this could limit the density of the gen-

erated electron pulse to 1019m−3. There are numerous solid-state compounds that could be

used as photocathodes, my work in this chapter has outlined an essential requirement for an

ultra-low ∆pT planar solid-state photoemitter; namely, ideally a low m∗ ‘hole-like’ band, the Te

terminated PbTe(111) single crystal is an example of this approach to new photocathode discov-

ery. The computational complexity in determining accurate work function values for solid-state

compounds results from surface terminations (as shown in Table XV), oxidation, etc.) means

that a more direct connection of my DFT-based photoemission simulation to experiment will

require situ measurement [319] of the photocathode work function during experiments (such as

the solenoid scan technique [50,56]) aimed at determining ∆pT . Therefore, a tunable UV laser

radiation source will be needed to realize such exciting avenue for future research.



CHAPTER 8

CONCLUSIONS

This thesis describes the emission properties of BCC, FCC, HCP, and semiconductor pho-

tocathodes using a DFT-based model and analysis. The presented DFT-based analysis of

the properties of photocathodes clearly indicates that the rms transverse momentum ∆pT of

electrons photoemitted in a one-step quantum mechanical process [67, 320] is fundamentally

dependent upon the dispersive nature of the electronic bands from which they originate. Fur-

thermore, this approach is unprecedented in fully and satisfactorily explaining both bulk and

surface state photoemission, and as such it is a vital tool in the research and development of

future photocathode materials aimed at producing low-emittance pulsed-electron sources. Not

only does band structure play a crucial role in the physics of photoemission, as it clearly should,

but that it is nearly impossible to accurately predict the functionality of a photocathode with-

out such knowledge.

8.1 DFT Modeling

Chapter 3 describes the DFT-based model and analysis for photoemission that is used to cal-

culate and interpret the rms transverse momentum (∆pT ) of the photoemitted electron beam.

In addition to its expected dependence on the excess photoemission energy, ∆E = ~ω − φ, the

transverse momentum distribution of the emitted electrons is influenced by the electron band

150
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dispersion, the local density of states (determined from the band structure calculation), the

transmission flux over the work function barrier, and electron temperature. Further complicat-

ing the photoemission simulation is work function anisotropy; a thin-slab technique is employed

to evaluate φ for different crystal orientations. As anticipated, the DFT-based photoemission

model shows both analytically (Equation 3.4) and quantitatively (Equation 3.5) that ∆pT in-

creases as the the temperature of the electrons Te in the bands increase.

8.2 BCC Photocathodes

Chapter 4 explains the lower than expected rms transverse electron momentum measured

for the BCC Group Vb and Group VIb elemental metals, and shows that a continuous variation

in ∆pT can be obtained using the MoxNb1−x alloy system. In this chapter, my DFT-based pho-

toemission analysis is carefully benchmarked against prior formalisms [52, 53] using potassium

— a BCC metal with a near spherical Fermi surface. Extension of the DFT-based analysis to

Cr, Mo, W, V, Nb and Ta BCC metals has revealed a strong band structure dependence to the

∆pT of emitted electron beams. In particular, for photoemission from the (001) crystal face of

these metals with 4.75eV photons, the Group Vb elements (V, Nb, and Ta) have significantly

lower than expected values of ∆pT due to emission from ‘hole-like’ electronic states associated

with the ‘jack-shaped’ Fermi surface around the Γ-point of the Brillouin zone. The results ob-

tained for (001)-face emission using the DFT-based analysis are very consistent with our group’s

experimental measurements of ∆pT using the solenoid scan technique [56] for polycrystalline

Cr, Mo, Nb, Ta, V, and W photocathodes under 261 nm UV irradiation. The MoxNb1−x alloy
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system has a continuous variation in the position of the Fermi level in the BCC band structure

and value of the work function with respect to the composition x. This generates a continuous

variation in ∆pT from 0.177
√
m0eV to 0.204

√
m0eV as x is tuned from 0 to 1.

8.3 FCC Photocathodes

Chapter 5 describes the photoemission properties of two noble metals (Cu and Au) and

two p-block FCC metals (Al and Pb). The Fermi surface, effective mass, and band structures

for the (100), (110), and (111) faces are evaluated and are in good agreement with the current

literature dataset associated with the electronic properties of the four FCC metals. A surface

state DFT evaluation has also been performed to show that photocathode generated hollow

cone illumination (HCI) can be realized through the use of a Ag(111) single crystal with 0.03eV

excess energy. In case of m∗ < m0, the minimum energy required to photoemit from the sur-

face state, E(111), is the sum of FCC (111) face work function φ(111) and the (111) Fermi level

transverse momentum offset p2
F /2m0 (Equation 5.2). The local ∆pT width of the ‘ring-like’

emission from Ag(111) surface state peaks is 0.029
√
m0eV .

8.4 HCP Photocathodes

The presented DFT-based analysis of the properties of photocathodes clearly indicates that

the rms transverse momentum ∆pT of electrons photoemitted in a one-step quantum mechan-

ical process [67, 320] is fundamentally dependent upon the dispersive nature of the electronic

bands from which they originate. Chapter 6 shows that this is particularly true of the HCP
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metals — the most common crystal structure amongst the elemental metals — since the crystal

symmetry, and hence electronic band structure, is intrinsically anisotropic. Whereas emission

from the basal plane, the (0001)-face, usually generates an isotropic transverse momentum

distribution (Figure 6.3) due to hexagonal face symmetry, emission from the generally most

prevalent (1010)-face in polycrystalline hcp metals can be quite anisotropic (Figure 6.2). As

the rms transverse momentum ∆pT is dependent on the excess photoemission energy, knowl-

edge of the work function for each crystal emission face, φ(ijkl), is also critical to the DFT-based

photoemission simulation. A standard thin-slab evaluation method for φ [184], which employs

the atomic crystal potential from the band structure calculations, is shown to provide values in

good agreement with literature values. The average of the resulting anisotropic values of ∆pT

obtained from the theoretical simulation for the most prevalent (1010)-face of Be and Mg are

consistent with experimental measurements [50,56,226].

Emission from the strong surface state of the Be(0001) face [60–64] is also analyzed. As the

effective mass m∗ associated with the dispersion of this two-dimensional state is greater than

m0 and fairly symmetric, the transverse momentum distribution of the photoemitted electrons

is maximized at and quite symmetric about pT = 0 (the Γ point of the SBZ). If its effective mass

were less than m0, the one-step analysis would predict emission peaked at pT =
√

2m∗EF , which

may then directly produce an electron beam suitable for hollow cone illumination [58,213,214]

— as were shown for the surface state on Ag(111) (Chapter 5)
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8.5 Semiconductor Photocathodes

Chapter 7 discusses the ESTE from p-type III-antimonide semiconductor single crystals

such as GaSb(100) and InSb(100), and also evaluates the emission properties of a class of at-

tractive high brightness semiconductor photocathodes — the lead chalcogenides. Based on

the DFT band structure and work function evaluations of the lead salts and previous inves-

tigations [268, 269, 295–302], Te terminated PbTe(111) single crystal is demonstrated to be

an ultra-low ∆pT photocathode. This properties results from an important characteristic,

namely, a very low transverse effective mass for the Λ+
6 valence band. The predicted ∆pT of

0.067
√

2m0eV , which is only a factor of 2 more than that of a 14±2K cold atom source [317],

as it is the equivalent of a 50K electron source from a planar 300K solid state photocathode.

8.6 The ∆pT of Elements and its Periodicity

The DFT photoemission model has been applied to the whole periodic table so that the ∆pT

of almost all potential elemental photocathodes have been evaluated as shown in Appendix B.

This ∆pT compilation should serve to significantly elucidate the emission properties of elemental

photocathodes both macroscopically and microscopically.
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Appendix A

ANALYTICAL DERIVATION OF ∆PT

Maxmium internal photoemission angle is expressed in terms of transverse effitive mass m∗t

and longitudinal effective mass m∗l , which is

cosinmaxθ =

√
2m∗l (EF + φ− ~ω)√

2m∗lEl + 2m∗tEt
.

=

√
2m∗l (EF + φ− ~ω)√

2m∗l (EF + φ− ~ω) + 2m∗t (E − EF − φ+ ~ω)

=

√
m∗l (χ)√

m∗l (χ) +m∗t (E − χ)
,

(A.1)

tanθinmax =

√
m∗t (E − χ)

m∗l χ
= |pt

pl
| = |kt

kl
| (A.2)

where E = El + Et and χ = EF + φ− ~ω.

Transverse momentum pT is defined as

pT =
√

2mtχ+ 2ml(E − χ)sinθcosΦ. (A.3)
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Appendix A (Continued)

According to the definition of root mean square, ∆pT
2 is

∆pT
2 =

´ EF
χ p2

TdE
´ 1
cosinmaxθ

d(cosθ)
´ 2π

0 dΦ´ EF
χ dE

´ 1
cosinmaxθ

d(cosθ)
´ 2π

0 dΦ

=

´ EF
χ 2mtχ+ 2ml(E − χ)sin2θcos2ΦdE

´ 1 √
m∗
l
(χ)√

m∗
l
(χ)+m∗t (E−χ)

d(cosθ)
´ 2π

0 dΦ

´ EF
χ dE

´ 1 √
m∗
l
(χ)√

m∗
l
(χ)+m∗t (E−χ)

d(cosθ)
´ 2π

0 dΦ

(A.4)

The angular integration can be done separately and are given by

´ 2π
0 cos2ΦdΦ´ 2π

0 dΦ
=

1

2
ˆ
sin2θd(cosθ) = cosθ − 1

3
cos3θ

(A.5)

Substituting these integrals into equation Equation A.4 results in the following expression for

the square of the rms transverse momentum:

∆pT
2 =

´ EF
χ [2

3 −
√
m∗l (χ)√

m∗l (χ)+m∗t (E−χ)
+ 1

3(

√
m∗l (χ)√

m∗l (χ)+m∗t (E−χ)
)3][2m∗tχ+ 2m∗l (E − χ)]dE

´ EF
χ [1−

√
m∗l (χ)√

m∗l (χ)+m∗t (EF−χ)
]dE

=
1

3

(E − χ)(
√
EFm∗t +m∗l χ−mtχ−

√
m∗l χ)2

(
√
EFm

∗
t+m∗l χ−mtχ−

√
m∗l χ)2

m∗t

=
(EF − χ)m∗t

3

=
(~ω − φ)m∗t

3
.

(A.6)

Therefore, ∆pT =

√
(~ω−φ)m∗t

3 .
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Appendix B

THE ∆PT OF THE ELEMENTS AND ITS PERIODICITY

TABLE XVI: The ∆pT of the elements and its periodicity. The work functions are given by
Ref. [125] unless otherwise indicated. Lattice constants are given by Ref. [321] unless otherwise
indicated. indicated.

Element φ ~ω Crystal lattice ∆pT
∆pT,DFT

∆pT0
(i, j, k) m∗

m0

(eV) (eV) (a.u.) (
√
m0eV )

Ag 4.52(110) 4.75 fcc a=7.72(Expt.) 0.277(Dowell) 0.96 (110) 1.06 [97]
a=7.57(DFT) 0.202(DFT)

4.14(110) [322]
4.22(001) [322]
4.46(111) [322]
4.74(111)

Al 4.41 4.75 fcc a=7.65 0.336 0.55 (100) 1.18 [323]
a=7.53 0.200

Au 5.37 5.60 fcc a=7.71 0.277 0.85 (110) 1.03 [206]
a=7.64 0.208

Ba 2.70 3.00 bcc a=9.51 0.316 0.61 (001) 0.38-0.74 [324]
a=9.01 0.192

Be 3.92 4.75 hcp a=4.32;c=6.77 [229] 0.525 0.594 (1010) 0.16-0.18 [325]
a=4.20;c=6.68 0.312

Bi 4.22 4.75 rho. a=8.56;c=22.29 0.420 0.559 (110) 0.05-0.25 [326,327]
α=57.35o;z=0.468
a=8.45;c=22.00 0.220
α=57.35o;z=0.473

rho. = rhombohedral; tet. = tetragonal; * = magnetic element.
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Appendix B (Continued)

Element φ ~ω Crystal lattice ∆pT
∆pT,DFT

∆pT0
(i, j, k) m∗

m0

(eV) (eV) (a.u.) (
√
m0eV )

Cd 4.22 4.75 hcp a=5.63;c=10.62 [230] 0.420 0.524 (1010) 0.14-0.40 [326,328]
a=5.48;c=10.39 0.220

Co∗ 5.0 5.20 hcp a=4.74;c=7.45 [231] 0.258 0.806 (1010) 0.10-0.35 [329]
a=4.52;c=7.31 0.208

Cr 4.5 4.75 bcc a=5.50 0.288 0.683 (001) 0.20-0.40 [330]
4.46(P) [156] a=5.28 0.168
4.57(100) [167]
5.08(110) [167]

Cs 2.14 2.44 bcc a=11.61 0.316 0.95 (001) 1.3 [331]
a=10.91 0.302

Cu 4.48(100) 4.75 fcc a=6.83 0.300 0.656 (110) 1.37-1.52 [203]
a=6.65 0.170

Fe∗ 4.67 4.75 bcc a=5.41 0.163 0.90 (001)
a=5.20 0.147

Li 2.90(P) 3.20 bcc a=6.63 0.316 0.905 (001) 2.10 [144]
2.49(P) [145] a=6.37 0.286
3.12(111) [332]
3.03(001) [332]
3.43(110) [332]

Hf 3.90 4.75 hcp a=6.04;c=9.54 [109] 0.532 0.573 (1010)
a=5.88;c=9.37 0.300

rho. = rhombohedral; tet. = tetragonal; * = magnetic element.
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Appendix B (Continued)

Element φ ~ω Crystal lattice ∆pT
∆pT,DFT

∆pT0
(i, j, k) m∗

m0

(eV) (eV) (a.u.) (
√
m0eV )

In 4.12 4.75 tet. a=8.61;c=9.32 0.458 0.382 (111) 0.30 [326,333]
a=8.40;c=9.72 0.175

Ir 5.76 5.90 fcc a=7.25 0.283 0.740 (001) 0.28-0.91 [334]
a=7.2 0.209

K 2.30(P) 2.60 bcc a=10.07 0.316 0.905 (001) 1.3 [142]
a=9.51 0.286

2.34(100) [168]
2.38(110) [168]

Mg 3.66 4.75 hcp a=6.06;c=9.85 [232] 0.602 0.516 (1010) 0.16-0.36 [335]
a=5.89;c=9.67 0.313

Mn∗ 4.10 4.75 bcc a=5.40 0.465 0.47 (001)
a=5.16 0.219

Mo 4.53 4.75 bcc a=5.95 0.271 0.653 (001) 0.31-0.38 [336]
a=5.88 0.177

Na 2.75(P) 3.05 bcc a=8.11 0.316 0.905 (001) 1.25 [146]
2.80(001) [147] a=7.67 0.286
2.99(110) [147]
2.77(111) [147]

rho. = rhombohedral; tet. = tetragonal; * = magnetic element.
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Appendix B (Continued)

Element φ ~ω Crystalline lattice ∆pT
∆pT,DFT

∆pT0
(i, j, k) m∗

m0

(eV) (eV) (a.u.) (
√
m0eV )

Nb 4.02(001) [157] 4.75 bcc a=6.24 0.493 0.40 (001) 0.57-0.97 [149]
a=6.13 0.204

4.87(110) [157]
4.36(111) [157]
4.63(112) [157]
4.29(113) [157]
3.95(116) [157]

Ni∗ 5.22 5.50 fcc a=6.66 0.305 0.627 (100) 0.26-1.00 [337]
a=6.48 0.184

Os 4.83 5.10 hcp a=5.22;c=8.04 [109] 0.300 0.577 (1010) 0.23 [338]
a=5.17;c=8.12 0.173

Pb 4.25 4.75 fcc a=9.36 0.408 0.497 (100) 0.52 [339]
a=9.21 0.203

Pd 5.12 5.50 fcc a=7.35 0.355 0.600 (100) 0.63-1.30 [340]
a=7.26 0.213

Po 4.70 5.00 cubic a=6.35 0.316 0.665 (001)
a=6.20 0.210

Pt 5.65 5.90 fcc a=7.72 0.287 0.728 (100) 2.1 [341]
a=7.35 0.209

Rb 2.16 2.46 bcc a=10.55 0.316 0.95 (001) 1.23-1.61 [342]
a=10.13 0.302

Re 4.96 5.10 hcp a=5.22;c=8.40 [233] 0.311 0.518 (1010) 0.12-0.50 [343]
a=5.04;c=8.00 0.161

Rh 4.98 5.10 fcc a=7.19 0.408 0.571 (100) 0.91-1.47 [344]
a=7.10 0.233

Ru 4.71 5.10 hcp a=5.22;c=8.04 [109] 0.216 0.808 (1010) 0.24-0.47 [338]
a=5.16;c=8.58 0.198

Sb 4.70 5.00 rho. a=8.48;c=21.20 0.316 0.559 (111) 0.05-0.52 [326]
α=57.23o;z=0.467
a=8.10;c=21.06 0.361
α=57.23o;z=0.469

rho. = rhombohedral; tet. = tetragonal; * = magnetic element.
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Appendix B (Continued)

Element φ ~ω Crystalline lattice ∆pT
∆pT,DFT

∆pT0
(i, j, k) m∗

m0

(eV) (eV) (a.u.) (
√
m0eV )

Sc 3.50 4.75 hcp a=6.24;c=9.93 [234] 0.645 0.434 (1010) 4.1 [345]
a=6.03;c=9.52 0.280

Si 4.91 5.10 diamond a=10.26 0.251 0.550 (001) 0.19-0.43 [346,347]
a=10.20 0.138

Sn 4.42 4.75 tet. a=10.96;c=5.95 0.331 0.559 (111) 0.1-2.0 [326,348]
a=10.92;c=5.91 0.269

Ta 4.15 4.75 bcc a=6.24 0.447 0.456 (001) 0.60-0.84 [349]
a=6.16 0.204

Tc 4.88 5.10 hcp a=5.18;c=8.21 [235] 0.270 0.722 (1010) 2.0-5.0 [350]
a=5.11;c=8.30 0.195

Tl 3.84 4.75 hcp a=6.53;c=10.44 [236] 0.551 0.584 (1010) 0.35 [326]
a=6.40;c=10.29 0.253

Ti 3.63 4.75 hcp a=5.58;c=8.85 [234] 0.611 0.513 (1010)
a=5.36;c=8.64 0.314

V 4.30 4.75 bcc a=5.73 0.387 0.49 (001) 0.86 [351,352]
a=5.53 0.191

5.12(110) [168]
4.12(100) [169]

W 4.63 4.75 bcc a=5.98 0.200 0.80 (001) 0.30 [353]
a=5.92 0.160

4.46(113) [159]
Y 3.10 4.75 hcp a=6.89;c=10.83 [234] 0.741 0.426 (1010) 0.29-2.4 [354]

a=6.61;c=10.49 0.316

Zn 4.33 4.75 hcp a=5.01;c=9.04 [230] 0.374 0.519 (1010) 0.2-0.22 [326]
a=4.83;c=9.12 0.194

Zr 4.05 4.75 hcp a=6.10;c=9.73 [109] 0.483 0.673 (1010) 2.31-2.61 [355]
a=5.91;c=9.67 0.325

rho. = rhombohedral; tet. = tetragonal; * = magnetic element.
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