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SUMMARY 

 

The goal of this thesis work is to connect the electronic properties of a crystal (i.e. its 

band structure) to its photoemission properties and thereby provide a roadmap for the discovery 

(or development) of photocathode materials with low intrinsic emittance. Such planar pulsed-

laser driven photocathodes are employed in the cutting-edge research instruments that include 

sub-picosecond X-ray free-electron lasers (XFELs), and single-shot dynamic transmission 

electron microscopes (DTEM) and ultrafast electron diffraction (UED) systems, and the quality 

of the front-end photoelectron source determines the performance of these instruments. I have 

introduced a new photoemission formalism that includes the triangular barrier generated by an 

applied surface acceleration field Eacc of the electron gun, transverse momentum conservation, 

and the properties of the bulk band and vacuum states involved in the photoemission process. 

The direct connection between the electronic band structure of a solid-state photocathode 

material and it’s experimentally determined spectral photoemission properties (the mean 

transverse energy (MTE) and quantum efficiency (QE)) is shown for a Rh(110) photocathode 

at 300K.  Similar consistency between experiment and theory is observed for the more complex 

multiple band emission from Mo(001) and W(001) photocathodes, although the latter requires 

careful consideration of relativistic and spin-orbit coupling effects in its Ab initio band structure 

calculation. In accordance with theoretical expectations, a low effective mass (i.e. high 

dispersion) of the bulk emission bands is shown to be the cause of the significant reduction in 

the MTE of photoemission from single-crystal Hf(0001) photocathode.  Further, modification 

of the one-step photoemission formalism allowed for an explanation of the observed spectral 

dependence of the MTE from a Hf(0001)/HfO2 photocathode through the inclusion of defect 

state emission from the native oxide layer. In addition, measurements of spectral dependence 

of the MTE and QE for Cu(100) were obtained at 300K and 35K using the UHV photocathode 
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characterization system at LBNL. A record low MTE value of 6meV was observed for Cu(001) 

at 35K and an excess photoemission energy E of 0.11eV. Finally, it is to be noted that all the 

experimental data indicates that the QE does not depend on ΔE2, as in prior photoemission 

analyses, due to the density of states of both the emitting bulk band and recipient vacuum states 

the joint density of states for the one-step photoemission transition.  
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CHAPTER 1 

1 INTRODUCTION 

 

Planar pulsed-laser driven solid-state photocathodes are employed as the front-end 

electron source in high space-time resolution research instruments such as sub-picosecond X-

ray free-electron lasers (XFELs)[1], and single-shot dynamic transmission electron 

microscopes (DTEM) [2] and ultrafast electron diffraction (UED) systems. Such scientific 

research instruments are specifically designed to follow atomic motion with the sub-Ångstrom 

spatial and femtosecond temporal resolution required to capture the fastest atomic motions, 

including the making and breaking of chemical bonds[3].  The performance of these cutting-

edge instruments is determined (and currently limited) by primarily the spatial quality of the 

electron source; in particular by its transverse coherence length Lc defined by 𝐿𝑐 =
𝜆

2𝜋.∆𝜃
 , 

where λ is the electron wavelength and  is the rms angular spread of the beam[4] [5].  A 

larger transverse coherence length will provide for higher quality and higher photon energy x-

ray beams generated by XFELs [6] and a significant enhancement in DTEM and UED [7] 

spatial resolution due to the consequent increase in the coherence of the scattered electron 

signal forming the image or diffraction pattern.    

 

The transverse coherence length Lc of a photo-generated electron beam can be directly 

related to the mean transverse energy (MTE) of the electrons photo-emitted from a planar 

photocathode.  For electrons with (longitudinal or z-component) momentum p0, 𝜆 =
ℎ

𝑝0
 and 

∆𝜃 =
∆𝑝𝑇

𝑝0
 , where h is Planck’s constant and pT is the one-dimensional (i.e. x or y) rms 

transverse momentum of the beam, we then have in this non-relativistic limit 𝐿𝑐 =
ħ

∆𝑝𝑇
 with 
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2πħ = h.  From electron beam physics, the transverse emittance, or as is more usually defined, 

the normalized transverse emittance 𝜀𝑛,𝑇 =
1

𝑚0𝑐
∆𝑝𝑇 . ∆𝑥, where x is the rms transverse beam 

size, is conserved in propagation through high-quality (i.e. perfect) electron optics (Liouville’s 

theorem[8]) with a lower n,T being a characteristic of a more spatially coherent beam.  Thus, 

for a given rms laser spot size on the photocathode defining x, the spatial quality of an electron 

beam generated by a pulsed-laser driven photocathode is determined by the rms transverse 

momentum pT of the electrons photo-emitted from the photocathode surface which is related 

to their mean transverse energy by 𝑀𝑇𝐸 =
(∆𝑝𝑇)2

𝑚0
, with m0 being the free electron mass.  

Consequently, an increase in transverse electron beam coherence length that will lead to 

improvements in the performance of XFELs, DTEMs and UED systems is directly tied to a 

reduction in the MTE of electron emission from a planar photocathode surface. The MTE is 

already known to be dependent upon (i) the dispersion of the electronic states of from which 

the electrons are emitted into the vacuum [9] (as transverse momentum is conserved in 

photoemission[10]), (ii) the temperature of the electron distribution in the photocathode 

material [11], and (iii) surface effects, such as physical [12] and chemical (surface work 

function variation) roughness [13], that affect the transverse momentum of the electron upon 

emission.  

 

In the work presented in this thesis, I delineate a path for the development (or discovery) 

of the needed planar solid-state photocathodes exhibiting (ultra)low emittance (i.e. low MTE) 

using a combined experimental and theoretical investigation of the spectral emission properties 

of single-crystal metal photocathodes. Single-crystal photocathodes are employed to obtain a 

uniform electron beam and to remove any crystal orientation work function anisotropy 

issues[14]. Unlike for example Cesiated negative electron affinity (NEA) semiconductor 
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photocathodes[15], metal photocathodes are also generally more robust, have a longer lifetime, 

and exhibit prompt electron emission due in part to the short ~10nm absorption depths for the 

incident UV radiation required for photoemission.  As a result, metal photocathodes can readily 

generate the sub-picosecond electron pulses needed for ultrafast electron diffraction and 

microscopy etc. in photo-electron guns operating in moderate (10-7 to 10-9 torr) vacuum 

conditions.  Moreover, in many metals, including those I studied, there are no real band states 

at the vacuum level for the electrons to be excited into from near the Fermi level (see, for 

example, the Cu band structure in chapter 7).  This means that photoemission may be simplified 

to the ‘one-step’ process of Mahan[16]; that is, the ‘diffusive’ transport step in Spicer’s three-

step model[17] cannot take place unless one means direct ‘quantum transport’ of the virtual 

excited state into the vacuum, which is akin to a one-step process in a ‘sudden approximation’ 

treatment.   

 

In chapter 2, I will introduce an overview of basic photoemission theory and the prior 

theoretical explanations of solid-state photocathode emission characteristics; in particular, the 

Dowell-Schmerge theory[18], its adaptation by Vecchione[19], and the one-step 

photoemission process. Thereafter, a one-step photoemission analysis is developed, using the 

exact one-dimensional quantum solution for transmission over and through a triangular barrier 

presented by R.G. Forbes and H.B. Deane [Proc. R. Soc. A 467, 2927 (2011)], to evaluate the 

emission properties of a photocathode in an electron gun. The analysis, which employs 

transverse momentum conservation in electron emission[10], includes the physical attributes 

(density of states and energy-momentum dispersion) of both the bulk band emission states and 

the recipient vacuum states in its evaluation of the mean transverse energy and relative quantum 

efficiency of the emitted electrons[20]. Moreover, I will present simulation results calculated 

using a Ag(100) photocathode as an exemplar to show the effect of the acceleration field, the 
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Fermi energy, the electron temperature, and the effective mass of the electron in the emission 

band. In addition, I briefly explain the Ab initio density functional theory (DFT) calculations 

that I employ to obtain the electronic band structure and work function of the single-crystal 

metal photocathode materials investigated in this thesis.  These DFT calculations include both 

relativistic and spin-orbit coupling effects.  

 

In chapter 3, I describe the experimental photocathode characterization system used to 

investigate the emission properties of Rh(110), Mo(001), W(001), and Hf(0001)/HfO2 

photocathodes at the University of Illinois at Chicago (UIC).  This system employs a tunable 

ultraviolet (UV) radiation source driven by a 30 MHz repetition rate, diode-pumped, mode-

locked Yb: KGW oscillator[21] to photo-emit electrons from the photocathodes in a 20 kV DC 

gun. The sub-picosecond UV radiation source employs a cascaded sequence of optical 

parametric amplification of a nonlinear fiber generated continuum and sum-frequency 

generation to obtain near-continuous tunability from 3.0-5.3 eV (235-410nm). The solenoid 

scan technique[9,21] is used to determine the spectral dependence of the MTE by fitting the 

measured electron beam spot size on a Ce: GAGG[22] scintillator screen (1:1 image onto a 

CCD camera) as a function of the focal strength of the two counter-wound cylindrical 

(solenoid) magnetic lenses with an extended Analytical Gaussian (AG) model[11,23,24] 

simulation of the electron pulse propagation. The experimental system is also equipped to 

measure the photocathode photoemission quantum efficiency (QE) as a function of photon 

energy by replacing the scintillation screen by a 5 mm diameter aperture Faraday Cup 

connected to a pA meter and monitoring the photoemission current as a function of the laser 

power incident on the solid-state photocathodes. 
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In chapter 4, I will present a spectral analysis of the photoemission characteristics of a 

face-centered cubic (fcc) single-crystal Rh(110) photocathode from below the photoemission 

threshold to excess photo-electron energies of ΔE  1.0eV.  The spectral dependence of both 

the MTE and QE of photoemission are determined at 300K using the tunable sub-picosecond 

laser-based UV radiation source. The experimental data obtained for the rhodium photocathode 

are directly compared to expectations from the one-step photoemission model[16,20], 

described in chapter 2.  The observed good agreement between the developed photoemission 

simulation and the experimental measurements represents a singular benchmarking that 

provides a roadmap for the development (or discovery) of new (ultra)low emittance 

photocathodes; that is, the demonstrated baseline for the evaluation of photocathode emission 

properties using Ab initio methods will allow for the development of screening tools to select 

promising solid-state photocathodes. 

 

In chapter 5, I introduce the spectral characterization of two body-centered cubic (bcc) 

single-crystal metal photocathodes, Mo(001) and W(001), from near the photoemission 

threshold to excess photo-electron energies of ΔE  1.5 eV.  In contrast to Rh(110) (chapter 4) 

and many other metal photocathodes[25], the MTE measurements for both Mo(001) and 

W(001) display a non-uniform increase with excess photoemission energy. This observed 

behavior is attributed to the dispersion characteristics of the bulk electronic band structure of 

the emitting states in the Γ-H direction of these bcc metal crystals again in good general 

agreement with the predictions of the one-step photoemission model described in chapter 2. 

Differences in the emission characteristics of the two photocathode materials are explained by 

the atomic number increase from Mo to W, which results in stronger relativistic / spin-orbit 

coupling effects for Tungsten. As was also noted for Rh(110) in chapter 4, the measured 

spectral dependence of the quantum efficiency (QE) for both single-crystal metal 
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photocathodes does not follow the Fowler-DuBridge quadratic dependence with excess 

photoemission energy[26]. In agreement with the one-step photoemission simulation, this 

effect is directly related to the influence of both the local density of states of the emitting 

electronic bands and the vacuum density of states.  

 

In chapter 6, the spectral dependence of the mean transverse energy (MTE) of 

photoemission from a hexagonal close-packed (hcp) single-crystal Hf(0001) photocathode and 

its oxidized derivative and Hf(0001)/HfO2 are analyzed.  The MTE measurements are again 

performed at 300 K using the solenoid scan technique and the sub-picosecond laser-based UV 

radiation source tunable from 3.0-5.3 eV (235-410 nm) at UIC.  The measured low MTE of the 

Hf(0001) photocathode is confirmed to be due to the low effective mass of the primary metal 

crystal emission band using the developed one-step photoemission simulation a result 

demonstrating that band dispersion can be exploited to attain low MTE values from solid-state 

photocathodes[25]. On the other hand, photoemission from the Hf (0001)/HfO2 photocathode 

is shown to be dominated at low excess energies by emission from a populated 1s-like oxygen 

vacancy defect states in the native ~10 Å oxide layer and at higher excess energies by emission 

from the underlying metal a picture consistent with a presented modification of the one-step 

photoemission simulation that describes emission from defect states.  

 

In chapter 7, I present the spectral characterization data obtained at Lawrence Berkley 

National Laboratory for a Cu (100) photocathode at temperatures of 300 K and 35 K. First, I 

will briefly describe the ultra-high vacuum (UHV) system used to obtain experimental data. 

This includes a  ∼150 fs pulse-width and frequency-tripled Ti-Sapphire oscillator with a 

repetition rate of 76 MHz provided the 4.2-4.9 eV UV photon energies used for the presented 

measurements[27]. Since the oxidation rate of Cu photocathodes is high, Ar ion bombardment 
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and a few cycles of annealing at high temperature is used to obtain clean Cu(001) photocathode 

surfaces whose quality is checked using low energy electron diffraction (LEED) patterns and 

Auger electron spectroscopy. Again, I compare the experimental data at both temperatures to 

the predictions of the one-step photoemission model of chapter 2.  In particular, I highlight the 

presented experimentally obtained record low MTE of 5 meV from the cryogenically cooled 

35K (100) surface of copper using near-threshold photoemission.  

 

Finally, in chapter 8, I summarize the experimental and theoretical results presented in 

this thesis that have provided a clear path for the future discovery of (ultra)low emittance solid-

state photocathodes by Ab initio methods by developing explanations for the observed spectral 

electron emission characteristics.  Suggestions for future areas of work are also included.   
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CHAPTER 2 

2 PHOTOEMISSION THEORY 

 

A new theoretical formulation of one-step photoemission[20] is presented in this 

chapter that is based on the exact quantum solution for transmission through (excess energy, 

∆E < 0) and over (∆E > 0) a triangular barrier evaluated by R. G. Forbes and J. H. B. Deane. 

The photoemission analysis, which enforces the transverse momentum conservation in electron 

emission, employs a bulk electron-like emission band of spherical symmetry with its effective 

mass m* (i.e., band dispersion) and Fermi energy ԐF as free parameters.  It also includes the 

physical properties of both the emitting state and the vacuum; specifically, the local density of 

the emitting bulk band states and the recipient vacuum density of states. The effects of the 

electron effective mass, the Fermi energy of the band, the electron temperature, and the surface 

acceleration field on the photocathode’s spectral emission properties will be examined. For 

application to the photocathode research presented in this thesis, the new photoemission 

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

material such as band structure, work function, effective mass etc.  In section 2.6, I describe 

the Ab initio density functional theory (DFT) calculations employed to provide these 

parameters using Rhodium as an example. 

 

2.1 The photoelectric effect 

 

       In 1905, Albert Einstein correctly postulated that the light is made of little packets, 

at first called quanta and later called photons. The energy in each quantum of light was equal 
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to the angular frequency (ω) multiplied by the reduced Planck constant (ℏ) [28]. As a result, 

the photoelectric effect can be observed when a single electron is ejected by a photon above a 

certain threshold frequency. In 1921, Albert Einstein earned the Nobel prize for this quantum 

description of the photoelectric effect that may be formulated as 

 

 ∆E = KEmax = ℏω − ϕeff 2.1 

 

where, KEmax the maximum kinetic energy of a photo-emitted electron in the vacuum (and is 

known as the excess energy (∆E)), which is independent of the incident light intensity, and the 

minimum energy required to photo-emit an electron from the surface is the effective work 

function ϕeff of the emitting material.  In the three-dimensions, maximum kinetic energy is the 

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

longitudinal electron kinetic energy (normal to the photocathode surface); 

 

 
KEmax =

P⃗⃗ T0
2

2m0
+ 

P⃗⃗ Z0
2

2m0
 

2.2 

 

where PTo
⃗⃗⃗⃗⃗⃗  and Pz0

⃗⃗ ⃗⃗  ⃗ are the electron transverse and longitudinal electron momenta in the vacuum, 

respectively.  When Pz0
⃗⃗ ⃗⃗  ⃗ = 0, the maximum possible transverse momentum for the photo-

emitted electron is therefore given by 

 

 PT,max = √2m0∆E . 2.3 

 

If such photo-emitted electrons are accelerated in, for example, a DC gun to an energy 

E associated with a non-relativistic momentum pz = (2m0E)1/2, then the maximum divergence 
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angle of the accelerated electron beam is pT,max/pz =√∆E/E.  Of course, as in optics, the quality 

of a beam is related to its divergence at a given spatial size.  In accelerator and particle beam 

physics, the beam quality is usually expressed in terms of its normalized transverse emittance, 

 

       𝜖𝑇 =
1

𝑚0𝑐
∆𝑥∆𝑝𝑇 . 2.4 

 

Here ∆𝑥 is the rms transverse beam size and ∆𝑝𝑇is the rms transverse momentum of 

the electron beam. This transverse emittance quantity is conserved in a non-aberrating (i.e. 

‘optically’ perfect) propagation system. At the surface of the emitting photocathode, the rms 

transverse momentum is related to the mean transverse energy (MTE) of the photo-emitted 

electron distribution by the following equation: 

 

 𝑀𝑇𝐸 = 
𝑚0

2
〈𝑉𝑥

2 + 𝑉𝑦
2〉 =

∆𝑝𝑇
2

𝑚0
 . 

2.5 

 

where Vx and Vy are velocity along x and y directions respectively. Consequently, a high-

quality photo-electron beam is characterized by a low MTE (or low rms transverse momentum) 

that leads to a low emittance for a given beam size. 

 

2.2 Theoretical explanations for photoemission 

 

 Despite the years, the photoelectric effect still continuously experiences new 

developments in experimental techniques and theoretical explanations to clarify the basic 

theory of electron emission from photocathodes.  Dowell and Schmerge[18] used a three-step 

photoemission model to derive an equation relating the MTE to only the excess energy, ΔE = 

ħω − eff; namely, MTE = ΔE/3.  In the three-step model photoemission proceeds as follows; 
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(i) after photon absorption the electrons are first excited into a higher energy state, (ii) the 

electrons transfer to the surface with or without scattering, and (iii) finally, the electrons escape 

into the vacuum[17]. The absorption of a photon in three-step model conserves energy but not 

momentum. In this theory, Dowell and Schmerge use an electron distribution at zero 

temperature, include electron-electron scattering, and assume that emission is from the volume 

of the photocathode. The resulting equation is in good general agreement with the measured 

MTE from many poly-crystalline photocathode materials, including copper[29].  

 

Subsequently, Vecchione et al. modified the Spicer three-step photoemission 

model[17] by including the temperature-dependent Fermi-Dirac distribution to develop 

expressions for the MTE (equation 2.6) and quantum efficiency (QE) (equation 2.7).  He 

employed the Sommerfeld model of a metal where, the electrons are bound by uniform 

potential and have kinetic energy measured with respect to it.  The resulting density of states 

is constant so that the employed Fermi-Dirac statistics solely dictate the occupied density of 

states. This gives an exponentially decaying occupational probability to states above the work 

function .  In the Spicer three-step photoemission model[17], electrons first absorb photons 

such that their momentum is increased normal to the surface only; in the second step, electrons 

diffuse to the surface where they escape in the third step based on their momentum[17]. The 

probabilities associated with steps one and two are assumed to be represented by a constant S12 

such that 0≤S12≤1. The probability associated with step three is given by the charge emitted 

per unit time per unit area (assuming all electrons are ideally photoexcited) divided by the 

current density normally incident on the surface[19].  This results in in the following 

expressions for the MTE and QE as a function of the excess energy E[19]. 
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𝑀𝑇𝐸 = 𝑘𝐵𝑇𝑒 {

𝐿𝑖3[−𝐸𝑥𝑝(
∆𝐸

𝑘𝐵𝑇𝑒
)]

𝐿𝑖2[−𝐸𝑥𝑝(
∆𝐸

𝑘𝐵𝑇𝑒
)]
}  

2.6 

 

where Lin is the ploy-logarithm function of order n. A consequence of the inclusion of the 

Fermi-Dirac distribution is that there is photoemission even when ħω < φ due to the Boltzmann 

tail of the electron distribution.  When ħω − φ >> kBTe, the QE equation reduces to the Fowler-

Dubridge relation[30] [26] , 𝑄𝐸 = 𝐴(∆E)2; namely, that the QE increases as the square of the 

excess photoemission energy. 

 

In a real photoelectron gun, the photocathode surface is also subjected to the 

acceleration field of the gun the extraction field for the electrons which can also affect the 

emission properties of the photocathode.  The first approximated theory for the extraction of 

electrons from cold metals by intense electric fields was developed by Schottky[31]. At higher 

temperatures, thermionic emission begins, and field emission becomes sensitive to temperature 

and finally blends into thermionic emission. For instance, Fowler and Nordheim (1928)[32] 

developed a theory to include the effect of an external field using the same methods and the 

same underlying picture of metals (Sommerfeld’s) in Nordheim’s “On the theory of thermal 

emission and the reflection of electrons on metals” paper [33]. 

 

 

 

 

 
𝑄𝐸 = 𝑆12 {

𝐿𝑖2[−𝐸𝑥𝑝(
∆𝐸

𝑘𝐵𝑇𝑒
)]

𝐿𝑖2[−𝐸𝑥𝑝(
𝐸𝐹

𝑘𝐵𝑇𝑒
)]
}  

2.7 
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Figure 2.1: The exact triangular barrier created using an external electric field (F) and the top 

corner is rounded due to image charge effect. 

 

The emission coefficients derived by Fowler and Nordheim are written below for W<C 

(equation 2.8) and W>C (equation 2.9), respectively. When W~C, both formulas cannot be 

used as D(W) depends mainly on the exact form of the potential energy curve. 

 

 
𝐷(𝑊) =

4{𝑊(𝐶−𝑊)}
1
2

𝐶
𝑒−4𝜋(𝐶−𝑊)

3
2 3𝐹⁄ , 

2.8 

   

 
𝐷(𝑊) =

4𝑊
1
2(𝑊−𝐶)

1
2

[𝑊
1
2+(𝑊−𝐶)

1
2]2+[𝐹 (4𝜅{𝑊−𝐶})⁄ ]2

. 
2.9 

        

Later in 2011, Rokhlenko showed that the approximate Fowler-Nordheim formulae are 

invalid in strong fields[34]. This work was devoted only to the tunneling probability in the 

fields of arbitrary strength, and they described the field as a function decaying to zero from a 

starting point at infinity. A more straightforward theory using the Airy functions [35] Ai and 

Bi was developed by Gadzuk & Plummer (1973) [36] , which Jensen and Ganguly (1993)[37] 

also employed to initiate a third-generation treatment.   

 

       A single universal formula for the transmission coefficient (DET) of an exact 

triangular barrier for both tunneling and flyover was derived by R. G. Forbes and J. H. B. Deane 

W 
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[38]. For simplicity, they chose a barrier slope downwards to the left (negative coordinate 

values) and an Airy function approach that uses a reflected barrier and puts the origin of 

coordinate system at the electron’s turning point. This approach has a simpler mathematical 

formalism than the previous treatments and is readily evaluated by computational techniques. 

 

 

2.3 The one-step photoemission model 

 

For many photocathode materials, including all the single-crystal metals studied in this 

work, there are no electronic states into which the electrons can be photo-excited prior to 

emission into the vacuum.   This means that the three-step photoemission models described 

above, which require a real band state for the transport or diffusion in the second step, are 

unphysical.  The only alternative is the one-step photoemission mechanism proposed by 

Mahan[16] in which the electron is emitted into the vacuum via an excited virtual state that is 

a replica of the band state from which the electron originated. The electrons that then have a 

longitudinal component (z) of their energy greater than the work function can escape into the 

vacuum, and all other electrons reflect off the potential barrier back into the bulk material. In 

the UV photon regime, the photon has a negligible momentum[39] compared to electron 

momentum, ℏω
c⁄ << Ptot, which implies that the electron momentum is essentially 

unchanged during photon absorption inside the solid; that is, the energetically photo-excited 

electron maintains the momentum of its initial band state. In the plane of the emission, the 

transverse electron momentum is conserved, PT
⃗⃗  ⃗ = PT0

⃗⃗ ⃗⃗  ⃗; where PT and PT0 are transverse 

momentum in solid and outside respectively[10]. However, longitudinal momentum is not 

conserved due to energy conservation over the work function potential step. 
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2.4 New photoemission Formalism 

 

       The essential features of the one-step photoemission analysis predominantly 

employed in this thesis are schematically illustrated in Figure 2.2. The triangular barrier is 

associated with an applied surface acceleration field Eacc of the electron gun in the vacuum and 

the material-vacuum barrier is modeled as step potential; in other words, the details of the 

crystal potential and associated Schottky effect are not included.  

 

Figure 2.2: Schematic of the simulated one-step photoemission process: Photo-excitation of 

the bulk band states into a set of identical virtual band states from which electrons transmit 

(with transverse momentum conservation) into the vacuum states either above (photoemission 

with ΔE > 0; path A) or below (photo-assisted tunneling with ΔE < 0; path B) the triangular 

barrier generated by the applied acceleration field in an electron gun:  ԐF = Fermi energy. 

 

       The electrons from the bulk band states are photo-excited by the incident photon 

energy ℏ𝜔 to the vacuum via ‘virtual’ electronic states, whose energy-momentum dispersion 

relation is, to a very good approximation, a replica (at the higher energy) of that of the bulk 

electronic band states[9]. These excited states, if occupied in the bulk, may emit electrons into 

the vacuum under the necessary energy-momentum conservation by either above barrier 
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photoemission (∆𝐸 < 0) or photo-assisted tunneling (∆𝐸 > 0); respectively, paths A and B in 

Figure 2.2 . The employed photoemission model enforces transverse momentum conservation 

parallel to the planar photocathode surface in the electron emission [10], uses the energy-

momentum relationships of both the bulk and vacuum states, and includes their local density 

of states (LDS). Consequently, at each transverse momentum pT associated with a bulk band 

energy E, the one-step photoemission simulation evaluates the product of the emitting bulk 

band LDS, their occupation (using a Fermi-Dirac population distribution), the transmission 

coefficient of the triangular barrier, and the local density of the available vacuum state into 

which the emitting electron is to be received.  The inclusion of the latter implies that the ‘joint 

density of states’ between the initial occupied and final unoccupied states is evaluated explicitly 

as is required in any description of band-to-band transitions; for example, optical absorption in 

semiconductors [40].  

 

       For simplicity, in the following initial formulation of one-step photoemission I will 

assume that the emission is from a positive dispersion bulk electron band in the first Brillouin 

zone with an effective mass equal to the free electron mass m0; that is, an energy-momentum 

relation of the form 

 

 𝐸(𝐩) =
𝑝𝑧

2

2𝑚𝑧
+

𝑝𝑇
2

2𝑚𝑇
 , 

2.10 

 

where pz is the longitudinal electron momentum in the band. The LDS of such an isotropic 

band is proportional to 𝑚0
3/2

√𝐸 = 𝑚0√(𝑝𝑧
2 + 𝑝𝑇

2)/2, and the occupation of the band at any 

energy E is a function of both the Fermi energy ԐF and the electron temperature Te through the 

Fermi-Dirac distribution; 
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 𝑓(𝐸) =
1

(1+𝑒𝑥𝑝[(𝐸−Ԑ𝐹) 𝑘𝐵𝑇𝑒⁄ ])
 , 2.11 

 

where kB is Boltzmann’s constant. Equation 2.10 defines the longitudinal (kinetic) energy of 

the electron in the band as 𝐾𝑧 = 𝐸(𝐩) −
𝑝𝑇

2

2𝑚𝑇
 which then allows the bulk band dispersion to be 

included in the transmission coefficient (derivation shown in the Appendix) of the triangular 

barrier for emitted electrons [38];  

 

 𝑇 =
4𝐶𝑝𝑧

(2𝐶𝑝𝑧+𝜋𝐶2𝑝𝑧
2(𝐴𝑖2()+𝐵𝑖2())+𝜋((𝐴𝑖ˊ())2+(𝐵𝑖ˊ())2))

 , 2.12 

 

where 𝐶 = (2𝑚0ħ𝑒𝐸𝑎𝑐𝑐)
−1 3⁄  with e the free electron charge and ħ Planck’s constant divided 

by 2π, and Ai() and Bi() are Airy functions of the first and second kind, respectively, with 

the prime denoting the first derivative.  The Airy function argument is given by 

 

 
 = √

2𝑚0

(ħ𝑒𝐸𝑎𝑐𝑐)
2

3
(𝐸𝑡ℎ − 𝐾𝑧) , 

2.13 

 

where the bulk band threshold energy for above barrier photoemission Eth = ԐF − ΔE.  Finally, 

the density of the recipient vacuum state for the emitted electron at the conserved value of the 

transverse momentum is proportional to 𝑚0√𝑝𝑧0
2 + 𝑝𝑇

2, where pz0 is the longitudinal 

momentum in the vacuum at emission.  The exact analytical solution of Forbes and Deane [38] 

also allows for the evaluation of pz0, the longitudinal momentum of the electron in the vacuum, 

for emission above and below the barrier;  

 

 
𝑝𝑧0(𝑎𝑏𝑜𝑣𝑒) =

1

𝐶
|
𝐴𝑖′() − 𝑖𝐵𝑖′()

𝐴𝑖() − 𝑖𝐵𝑖()
| 

2.14 
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and 

 
𝑝𝑧0(𝑏𝑒𝑙𝑜𝑤) =

1

𝐶
|
𝐴𝑖′(0) − 𝑖𝐵𝑖′(0)

𝐴𝑖(0) − 𝑖𝐵𝑖(0)
|. 

2.15 

 

I note here that equation 2.12 is entirely consistent with the expectation that the 

maximum value of pz0 is equal to √2𝑚0(ħ𝜔 − ) when Te → 0.  Further, equation 2.15 

indicates that pz0 below the barrier is small but not equal to zero unless Eacc = 0, in which case 

below barrier transmission ceases.   

 

       The one-step photoemission simulation I present in this Thesis uses the above to 

evaluate the relative number of electrons emitted at each value of the transverse momentum by 

summing over all energy states contributing to emission at that value of pT.  The MTE is then 

obtained by taking the normalized second order moment of the evaluated transverse momentum 

distribution of the emitted electrons in the vacuum, 𝑇𝐸 = 〈𝑝𝑇
2〉 𝑚0⁄  , and the QE (in arbitrary 

units) is calculated by simply integrating over the distribution. 

 

       In Figure 2.3, as a comparative example, I present the result of evaluating both the 

MTE and QE as a function of excess energy ΔE for a Ag(100) photocathode; for which the 

work function  = 4.36eV [41], the effective mass m* of the emitting electrons near the Fermi 

level in the bulk band is (to a good approximation) equal to m0 [40], and the Fermi energy ԐF 

= 5.49eV.  Room temperature operation (Te = 300K) is assumed and I employ a surface 

acceleration field of 1MV/m typical of a DC electron gun for the simulation.  The evaluation 

of the MTE using the one-step photoemission simulation (black solid line) is compared in 

Figure 2.3(a) with the results of two prior analyses; the formulation of Dowell and 
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Schmerge[18] for which MTE = ΔE/3 (dashed red line), and the more recent expressions 

(equation 2.6) derived by Vecchione et al. [19] (red solid line). 

 

 

  

 

 

 

 

 

 

Figure 2.3: Emission properties of a Ag(100) photocathode at 300K  ( = 4.36eV, bulk electron 

mass = m0, ԐF =5.49eV, and Eacc. = 1MV/m):  (a) MTE as a function of the excess 

photoemission energy ΔE; full one-step simulation (black line), one-step simulation without 

the vacuum states (black dashed line), equation 2.6 (red line) [19], and ΔE/3 (red dashed 

line)[18].  (b) QE as a function of ΔE; full one-step simulation (black line), one-step simulation 

without the vacuum states (black dashed line), and equation 2.7 (red line) [19],with 

corresponding power law fits for ΔE > 0.25eV shown as thin dotted lines. 

 

       It is clear that the formulation derived by Vecchione et al.[19], which 

asymptotically tends to the result of Dowell and Schmerge[18] at high excess energies, 

underestimates the MTE at all ΔE since it does not include either the bulk band or vacuum 

states.  The expression of equation 2.6 does however agree with the one-step model below the 

photoemission threshold (ΔE < 0) when the vacuum density of states are omitted in the 

simulation (black dashed line) both giving a limiting value kBTe  25meV for the MTE. This is 

because the electrons emitting from the population in the thermal Boltzmann tail that extends 

above the photoemission barrier have a sufficiently small energy spread ~kBTe to ensure that 

they originate from a relatively constant density of states in the bulk band - the approximation 

employed in obtaining equation 2.6. Consequently, the increase in the MTE to 31.5(±0.5)meV 

when ΔE < 0 evaluated with the full one-step simulation is entirely due to the increase with 

(a) (b) 
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higher electron momenta of the recipient vacuum density of states.  As ΔE increases above 

threshold, both one-step simulations with and without the vacuum states return higher values 

of the MTE than that predicted by the prior analyses of Dowell[18] and Vecchione[19] due to 

the inclusion of the bulk band states.  For excess energies greater than 0.1eV, the full one-step 

photoemission model predicts MTE values 15-20% greater than obtained from equation 2.6 for 

the simulated Ag(100) photocathode. I note that photo-assisted tunneling (below barrier 

emission) is negligible in this example, contributing less than 1% of the emitted electrons even 

at ΔE = −0.2eV for the employed 1MV/m acceleration field, and so does not contribute 

significantly to the presented MTE results.   

 

       The simulated spectral dependence of the QE for the Ag(100) photocathode 

example is shown in Figure 2.3(b) (black line) together with the QE dependence predicted by 

Vecchione et al. [19] (red line). For the purpose of comparison, both the simulated one-step 

photoemission data and the dependence described by equation 2.7 are normalized to unity at 

ΔE = 0.  Both the one-step model and equation 2.7 display the expected rapid increase of the 

QE with ΔE associated with the strongly increasing number of filled bulk band states that can 

emit electrons into the vacuum as the excess energy increases.  However, the log-log plot of 

Figure 2.3(b) clearly indicates that the one-step simulation predicts a different power law 

dependence for the QE on ΔE than equation 2.7 for excess energies greater than 0.25eV = 

10kBTe.  A fit (dotted line) to the one-step simulation for this Ag(100) example indicates that 

QE = A(ΔE)2.85, where A is a constant, whereas equation 2.7 returns the Fowler-DuBridge 

relation of a quadratic power law dependence (red dotted line); i.e., QE = A(ΔE)2 [30] [26].  

The difference in these power law dependences is directly related to the inclusion of the bulk 

band and vacuum states in my one-step simulation, both of which are omitted in the prior 

analyses [18,19,26,30] . Indeed, removal of the vacuum density of states from the one-step 



 

 

 

21 

analysis generates the data set shown by the black dashed line in Figure 2.3(b) for which the 

dependence on excess energy is of the form QE = A(ΔE)2.4 for ΔE > 10kBTe (dotted line) – a 

power law dependence between that of equation 2.7 and the full one-step photoemission 

simulation.  This latter data set is normalized by the QE with the vacuum states included at ΔE 

= 0 to illustrate the roughly factor of three reduction in the QE at low excess energies that is 

caused by the density of vacuum states at low emitted electron momenta.  Further, both my 

presented photoemission simulation and the analysis of Vecchione et al. [19] clearly show the 

influence of the 300K Boltzmann tail on the QE at excess energies below 0.25eV, which also 

provides for a finite QE when ΔE < 0.   

 

       Although incorporating a more realistic triangular barrier solution [16] and the 

physical properties of both the bulk and vacuum states, this one-step model of photoemission 

does not include a number of factors that can affect photocathode performance.  First and 

foremost, the photoemission simulations do not include the matrix element describing the 

optical excitation of the electrons into the emitting ‘virtual’ states.  This of course important 

for an Ab initio determination of the QE [42], but it is unlikely to affect the MTE evaluations 

from the simulated electron emission distributions unless the matrix element has a significant 

variation in momentum space for the excited virtual state.  Second, the employed exact 

triangular barrier solution of Forbes and Deane [38] does not allow for the inclusion of the 

Schottky effect [12,18,43] in a formal manner.  However, other than the lowering of the work 

function, the Schottky effect is not expected to alter significantly the presented simulation 

results, except perhaps at the highest acceleration fields where the exact shape of the potential 

barrier becomes important for electrons emitted by photo-assisted tunneling.  Third, for the 

sake of brevity, the optical properties of the photocathode material, specifically the surface 

reflectivity and absorption coefficient for the incident light, are not included in the analysis but 
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they could be incorporated for each individual photocathode material.  The spectral properties 

of both will of course affect the photocathode QE by determining the total number density of 

excited electronic states per incident photon, but not the MTE as this is a self-normalized 

parameter.  Fourth, the effects of chemical and surface roughness, which have been treated 

elsewhere [13,26,44–46], are omitted; that is, the photocathode surface is assumed to be flat 

and at a uniform potential.  Fifth, as the presented one-step photoemission formalism assumes 

transverse momentum conservation in electron emission [10], the scattering of the excited 

virtual state electrons by phonons [47] during or just before emission into the vacuum is also 

not included.  The strength of electron-phonon scattering is strongly material dependent and 

can be expected to result in an increased MTE and likely a reduced QE.  Finally, and for the 

same reason, carrier-carrier scattering [18,48] (e.g., inelastic electron-electron scattering) is not 

included in the analysis.   

 

2.5 Simulation results 

 

       In the following sub-sections, I discuss the effect that the electron temperature, 

Fermi energy, and the surface acceleration field are expected to have, within one-step 

photoemission, on the spectral dependence of both the MTE and QE from planar 

photocathodes.  The presented simulation results employ the Ag(100) exemplar of Figure 2.3 

as a template, changing a single parameter at a time to illustrate its effect on the photocathode’s 

electron emission properties.  As the QE is not explicitly evaluated from first principles, all the 

QE data is normalized to that at ΔE = 0 for the Ag(100) photocathode in a DC gun ( = 4.36eV, 

band electron effective mass m* = m0, ԐF =5.49eV, Te = 300K, and a surface acceleration field 

Eacc. = 1MV/m).   
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2.5.1 Electron temperature 

 

 

 

 

 

 

 

 

 

Figure 2.4: Emission characteristics of a Ag(100) photocathode ( = 4.36eV, bulk electron 

mass = m0, ԐF =5.49eV, and Eacc. = 1MV/m) for electron temperatures Te of 30, 100, 300, 1000, 

and 3000K: (a) MTE and  (b) QE1/2.875 as a function of excess photoemission energy. 

 

 The effect of changing the photocathode temperature, or more specifically the 

temperature Te of the electron distribution in the simulated isotropic Ag(100) band, is shown 

in Figure 2.4.  As expected, the MTE below the work function (ΔE < 0) is strongly temperature 

dependent due to over barrier emission from the Boltzmann tail of the electron distribution 

(Figure 2.4(a)).  In this region just below photoemission threshold, the minimum value of the 

MTE is again ~25% greater than kBTe, primarily due to the influence of the vacuum density of 

states.  At larger negative excess energies, photo-assisted tunneling starts to dominate the over 

barrier emission from the thermal tail of the electron distribution and the MTE decreases due 

to the strong reduction in tunneling probability with transverse momentum pT – an effect not 

visible in Figure 2.4(a).  At high positive excess energies, when ΔE >> kBTe, the spectral 

dependence of the MTE tends to the low temperature value since the effect of the Boltzmann 

tail population is diminished with respect to the rest of the occupied emitting states.  The low 

temperature linear dependence of the MTE on the excess photoemission energy is of the form 

(a) (b) 
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ΔE/2.53, which is to be compared with ΔE/3 from the prior analyses [18,19] that do not include 

the combined effects of the bulk and vacuum states. 

 

        For electron temperatures Te < 100K, the presented one-step photoemission 

simulation predicts that MTE values less than 10meV should be attainable at low or negative 

excess energies for photocathode materials with similar parabolic band structures and m*  m0; 

for example, appropriately oriented single-crystals of Cu, Au, and the alkali group metals [49].  

We also note that a recent study of cryo-cooled Cs3Sb photocathodes illuminated at 690nm 

reported a reduction of the MTE from ~43meV at 300K to ~12meV at 90K [50].  As in this 

case electron emission is expected to be from the Boltzmann tail of the electron distribution 

photoexcited into the conduction band states, the fact that both measured MTE values are 

greater than their corresponding thermal values of 25 and 8meV is consistent with the predicted 

influence of the vacuum density of states on the MTE of electron emission.  For Cs3Sb, an 

additional factor is likely be the effective mass m* and dispersion of the emitting conduction 

band state. 

 

        The spectral dependence of the QE at different electron temperatures Te (Figure 

2.4(b)) also illustrates the strong influence of bulk band population in the Boltzmann tail at low 

and negative excess photoemission energies.  Here we have plotted the normalized QE to the 

0.348 (= 1/2.875) power against ΔE as this power law dependence is the best fit to the 

simulation data at the lowest 30K temperature where the Boltzmann tail population has the 

smallest effect.  As Te increases much beyond 300K, where QE1/2.85 also provides the best linear 

dependence with ΔE (Figure 2.4(b)), it is clear that a simple power law of the form QE = A(ΔE)n 

is no longer a valid expression for excess energies below 1eV.  Nonetheless, for Te around 

room temperature and below, a plot of QE1/n against ΔE should allow for the extraction of the 
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photocathode work function with reasonable accuracy [51], provided that the linear fit employs 

measurements taken for ΔE > 10kBTe.  As I will show below, such a power law scaling for the 

QE only exists if the band Fermi energy F is much greater than the excess photoemission 

energy ΔE. 

 

2.5.2 Fermi energy 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Simulated dependence of (a) the MTE and (b) the QE on the excess photoemission 

energy for Fermi energies of 0.2, 0.5, and 1.0eV ( = 4.36eV, bulk electron mass = m0, Te = 

300K, and Eacc. = 1MV/m.  The vertical dashed lines indicate were ΔE = ԐF for the three cases 

and the dot-dashed line are the results for the Ag(100) photocathode (ԐF = 5.49eV) . 
 

       As the Fermi energy defines the energy of the last electron in the bulk band as Te 

→ 0, the emission properties of a solid-state photocathode are expected to be affected when 

ΔE is of the order of or greater than ԐF.  The results of a one-step photoemission simulation for 

Fermi energy values of 0.2, 0.5 and 1eV, depicted in Figure 2.5, show that this is indeed the 

case.  In all cases, the dependence of the MTE on ΔE (Figure 2.5(a)) is similar to that in Fig. 

2.3(a) for ԐF = 5.49eV at low excess energies but displays a distinct ‘cusp’ when ΔE = ԐF 

(vertical dashed lines).  At this critical value of the excess energy, all the excited bulk band 

(a) (b) 
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electronic states with positive pz (in the direction of emission) are ‘resonantly’ matched in 

momentum and energy to the vacuum states leading to an increased transmission through the 

barrier at all pT and hence a larger MTE.  As ΔE increases beyond ԐF, the MTE levels off to a 

slightly lower and relatively constant value as the barrier transmission for the electrons excited 

from the bulk band moves off the ΔE = ԐF resonance and becomes less dependent on ΔE.  This 

interpretation is supported by the spectral dependence of the QE displayed in Fig. 2.5(b) which 

shows a clear trend discontinuity at ΔE = ԐF, just when all the band states with positive pz can 

emit.  At higher ΔE, the barrier transmission does increase [38], but no new states are available 

leading to a slower increase in QE with ΔE.   

 

        Also evident from the log-log plot in Fig. 2.5(b) is that the QE no longer follows 

a simple power law dependence with excess energy, QE = A(ΔE)n for ΔE > 10kBTe, when one-

step photoemission is from a bulk band with a low Fermi energy.  This must be the case since 

significant changes in the number density of available photo-emitting states occur as ΔE 

increases for excess energies less than, but of the order of, the Fermi energy.  As a result, 

extraction of a value for the work function using measured QE data may prove difficult without 

a functional photoemission model in cases where ԐF is in the range of 10 − 100kBTe.  In addition, 

I note that the one-step photoemission QE from the bulk band near threshold increases as the 

Fermi energy decreases – all the QE data being normalized to that at ΔE = 0 for ԐF = 5.49eV 

and Te = 300K (Fig. 2.3(b)).  This is a direct result of increased barrier transmission when the 

longitudinal momentum pz of an excited emitting state is closer to the momentum of the emitted 

electron pz0 from that bulk state. 
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2.5.3 Surface acceleration field 

 

 

 

  

 

 

 

 

 

 

 

Figure 2.6: Simulated emission properties of a Ag(100) photocathode ( = 4.36eV, bulk 

electron mass = m0,  =5.49eV, and   Te = 300K) as a function of applied surface acceleration 

field for near threshold excess photoemission energies of −0.1, −0.05, 0. 0.05, and 0.1eV: (a) 

MTE and (b) normalized QE. 

 

        Although the Schottky effect is not included in the one-step photoemission 

simulation, it is nonetheless informative to examine the predicted effect of the surface 

acceleration field Eacc on both the MTE and QE within the exact triangular barrier solution 

[38]. Figure 2.6(a) shows the dependence of the MTE on the acceleration field for selected near 

threshold excess photoemission energies of −0.1, −0.05, 0. 0.05, and 0.1eV.  At positive values 

of ΔE, the MTE is fairly independent of Eacc as above barrier photoemission dominates.  Closer 

to photoemission threshold there are more significant effects.  Most notably, the MTE is 

reduced for ΔE < 0 as the applied field is increased, reaching a minimum value below the kBTe 

= 25meV thermal energy for surface fields between 40 and 80MV/m when ΔE < −0.05eV.  

This lower than expected MTE value is caused by the increased contribution at higher Eacc of 

photo-assisted tunneling to the transverse momentum distribution of the emitted electrons.  

(a) (b) 
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This contribution has a MTE lower than 25meV for fields less than about 80MV/m due to the 

rapid drop in barrier tunneling transmission probability as pT increases for an electron at a given 

bulk band energy.  At higher fields, the triangular barrier becomes sufficiently narrow to 

increase the tunneling transmission probability at larger pT so that the MTE again increases 

somewhat for ΔE < 0.  As a result, a minimum in the MTE develops below the photoemission 

threshold – an effect that may not be observable experimentally since the Schottky effect is not 

included in this photoemission simulation. 

 

       The effect of Eacc on the QE follows expected trends and is displayed in Fig. 2.6(b) 

for the same selected near threshold excess photoemission energies of −0.1, −0.05, 0. 0.05, and 

0.1eV.  At low surface field strengths, where above barrier photoemission dominates, the QE 

slowly decreases with increasing Eacc due to the initial Eacc
−1/3 dependence of the transmission 

coefficient for the triangular barrier (equation 2.12).  At field strengths greater than 20MV/m, 

the contribution from photo-assisted tunneling increases and this eventually reverses the initial 

trend the point of reversal being at lower values of Eacc for lower values of ΔE since the QE of 

above barrier photoemission (due to the photo-excited Boltzmann tail of the electron 

distribution) falls rapidly with decreasing ΔE below the photoemission threshold.  Aside from 

the increased tunneling probability at higher acceleration fields, I note that a higher density of 

recipient vacuum states is also available at larger Eacc since equation 2.14 states that the 

longitudinal momentum of the electron emerging into the vacuum from the barrier increases 

with the cubic root of Eacc.         
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2.5.4 Effective mass 

 

 

 

Figure 2.7: Simulated dependence of the MTE on the excess photoemission energy for different 

effective masses; m∗ = 5mT, 2mT, mT, 0.5mT, 0.1mT together with MTE = ΔE/3 [18] .  

 

        Even though there several theories have been developed to explain photoemission 

from photocathodes, none of them include the effect that the effective mass of the emitting 

band state has on the emittance. In the original Forbes and Deane paper[38], an effective mass 

equal to the vacuum free electron mass m0 is assumed inside the emitter. For the above barrier 

case, they extend the triangular barrier to the left (Figure 2.2) and pick the origin as the 

electron’s classical turning point inside the emitter[38].  At this point, the electron has not been 

emitted into the vacuum as the classical turning point is to the left of the photocathode-vacuum 

boundary. Consequently, in order to include a longitudinal effective mass mz for the emitting 

bulk band, two boundaries and transmission coefficients are employed for electron emission.  

The first, at the internal classical turning point, employs mz on both sides; and the second at 

the photocathode-vacuum interface includes the electron mass change from mz to m0 in the 
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vacuum (Derivation in the Appendix A). These new boundary conditions affect the quantum 

efficiency more than the MTE but allow for the simulation of parabolic emission bands that 

are cylindrically symmetric about the emission direction with a longitudinal and transverse 

effective mass of mz and mT.  

 

Figure 2.7 shows the spectral dependence of the MTE on the effective mass for different 

isotropic band effective masses; 𝑚∗ = 𝑚𝑧 = 𝑚𝑇 = 5m0, 2m0, m0, 0.5m0, 0.1m0. Again, all 

other parameters for the simulation of emission from the ‘canonical’ Ag (100) photocathode 

are held constant ( = 4.36eV, band electron effective mass m* = m0, ԐF =5.49eV, Te = 300K, 

and a surface acceleration field Eacc. = 1MV/m).  It is clear that at all excess energies a larger 

effective band mass results in an increased MTE.  For m* > m0, the MTE appears to reach a 

limiting value of ~40% above the E/3 Dowell Schmerge relation[18] for excess energies 

greater than ~10kBTe which is associated with the dispersion of the emitting band states 

becoming negligible compared to that of the vacuum states (m* = m0).  More interesting is the 

prediction that the MTE even at 300K can drop well below 25meV just above the 

photoemission threshold if m* is significantly less than about 0.2m0.  This is caused by the 

absence of available emission states at large pT for highly dispersive bulk band states[27]. 
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Figure 2.8: Energy vs transverse momentum diagrams illustrating the effect of the effective 

mass on MTE: Left panel shows a band with dispersion corresponding to free electron mass 

m0 resulting in Dowell like behavior[9]; right panel shows a band with a low effective mass. 

Solid blue lines represent the actual metallic like parabolic ε(k) dispersion relations, where the 

blue highlighted area indicates states with sufficient excess energy for photoemission. The 

dotted blue line represents the virtual excited states, and the red highlighted area depicts the 

final allowed photo-emitting electron states[103]. 

 

Figure 2.8 illustrates how band dispersion, particularly in the transverse direction, can 

restrict the emission of electrons with high pT values, thus reducing the MTE of electron 

emission.  The left panel represents the one-step photoemission process from bulk band states 

with a dispersion determined by the rest electron mass m0 and the right panel to one from states 

with a small effective mass m∗. In both panels, the shaded blue region indicates the states 

excited into the virtual states that have sufficient energy to be emitted, but only the shaded red 

area states can emit electrons into the vacuum states due to the transverse momentum 

conservation. Although, the density of states at zero transverse momentum is significantly 

larger for a higher effective mass band, with transverse momentum conservation in 

photoemission it is clear that a small effective mass for the emitting states can serve to restrict 

Vacuum states 

Virtual states 

ԐF 
ΔE 

E E 

pT pT 

ℏ𝜔 ℏ𝜔 

ΔE 

ԐF 



 

 

 

32 

the transverse momentum, and hence the MTE, of the photo-emitted electrons (right panel). In 

contrast, the transverse momentum for an electron emitted from a perfect metal photocathode 

with a free electron mass dispersion is only restricted by the vacuum state dispersion (left 

panel), resulting in MTE variation in approximate accordance with the Dowell model[18,52].  

2.6 Density functional theory 

 

To connect the above one-step photoemission formalism to real materials knowledge 

of their electronic band structure is required; specifically, the dispersion properties of the band 

states in the vicinity of the Fermi level that can photo-emit electrons in the crystal direction 

perpendicular to the photocathode surface.  In this work, I employ density functional theory 

(DFT) based electronic structure property calculations to obtain the band structure of the 

studied single-crystal metal photocathodes.  DFT-based Ab initio calculations have become a 

very common method, and their application has now spread among researchers in condensed 

matter theory and quantum chemistry, involving a vast community of end-users with very 

diverse scientific backgrounds and research interests[53]. There are different DFT-based 

computer codes such as VASP[54], Quantum espresso[53], ABINIT[55], CASTEP[56], and 

etc. to calculate electronic structure and model materials. Self-consistency in these calculations 

is achieved using an iteration-based approach in PWscf, employing at each step iterative 

diagonalization techniques, in the framework of the plane-wave pseudopotential method[53]. 

It is possible to use LDA (local density approximation) and GGA (generalized gradient 

approximation) pseudopotentials to include spin-orbit interactions with relativistic effects. The 

sampling of the Brillouin zone can be done using a Monkhorst-Pack[57] set of special k-points 

to deal with the discontinuity in k-space between occupied and unoccupied states. 
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2.6.1 Band structure and effective mass 

 

       The convergence tests are performed to achieve the minimum total energy 

configuration before calculating the real electric properties. For crystal structures, it is 

advantageous to obtain first the optimal lattice structure and constant to achieve a balance 

between computational cost and calculation accuracy. In this work, convergence tests were 

performed for the kinetic energy cut-off for the employed wave functions, the kinetic energy, 

the charge density for the potential, and the uniform grid of k-points to ensure that the ground 

state energy is within the energy convergence tolerance of 0.1 meV [58] using the experimental 

lattice constant as the initial input. 

 

       For the band structure calculation, the generated crystal structure was first viewed 

using Xcrysden software[59] to obtain the desired k-point path. Then a self-consistency 

calculation (SCF)[60] was performed, using obtained optimized input values, to determine the 

self-consistent density and potential.  Next, the desired k-point path and number of bands is 

used in a non-SCF calculation to evaluate each chosen k-point’s eigenvalues and eigen-

vectors[61]. Finally, the GNUplot [62] used to plot band structure and Fermi surface along the 

high symmetry points and the lines in the first Brillouin zone.  
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Figure 2.9: Rh crystal structure; FCC structure with optimized lattice constant a = 3.855Å. 

Right panel is the top view and left panel is the 450 rotated view. The unit cell contains 4 atoms. 

(1/8*8 for corners and 1/2 * 6 for faces) 

 

       For example, the DFT calculations for the bulk Rh crystal (one of the studied 

photocathode materials), include full relativistic effects, with spin-orbit coupling included 

during the plane wave self-consistency iterations.  That is to say, a fully relativistic 

pseudopotential within the generalized gradient approximation (GGA)[63] was employed, and 

the electronic wave function is described by a plane-wave basis set with an energy cut-off of 

40Ry, the energy cut-off for the charge density is set to 350Ry, a threshold of 10-6Ry for the 

ground state energy is used, and a Marzari-Vanderbilt smearing[64] with a broadening of 

0.01Ry is employed.  The resulting DFT calculated face-centered cubic crystal structure for Rh 

has a lattice constant a = 3.855Å, which is within 2% of the experimental value[65]. The crystal 

structure obtained using the optimized lattice constant is shown in figure 2.9. The Rh band 

structure (figure 2.10) is calculated along the k-path 
Δ
→ 𝑋

𝑍
→ 𝑊

𝑄
→ 𝐿

∧
→ 

Σ
→ 𝐾 in the first 

Brillouin zone, where , Z, Q, , and  are symmetry lines with the lengths, X = 2𝜋 𝑎⁄ , 

XW = 𝜋 𝑎⁄ , WL = √2𝜋 𝑎⁄ , L = √3𝜋 𝑎⁄ , and K = 3𝜋 √2𝑎⁄  respectively. The effective mass 

at the Fermi level along any longitudinal emission direction is calculated using the curvature 
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of the relevant band; 𝑚𝑧
∗ = ℏ2(𝑑2𝐸 𝑑𝑘2⁄ |𝑘=𝑘𝐹

)
−1

, where kF is the Fermi wave vector in the 

emission direction. The band structure along transverse direction at 𝑘 = 𝑘𝐹 is fit to a parabola 

to evaluate the transverse effective mass 𝑚𝑇
∗ . 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Rh band structure along high symmetry points. The horizontal line at 0 eV 

represents the Fermi level. →X (001), →K (110), →L (111) represent directions. 

 

2.6.2 Work function 

 

        The minimum energy required to extract an electron from the metal surface as 

known as work function; 

 

 𝜙 = 𝐸𝑣𝑎𝑐 − 𝜀𝐹 2.16 
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where 𝐸𝑣𝑎𝑐 is the vacuum energy level, defined as the electrostatic potential outside the surface, 

and 𝜀𝐹 is the Fermi energy in the metal. The thin-slab technique used to calculate work function 

using the energy difference between vacuum level energy and Fermi energy (2.16 equation) 

[66–68]. For these DFT-based calculations, a thin slab layer along the desired (ijk) crystal 

direction was designed using the Xcrysden software with vacuum length at both ends of the 

thin slab chosen to obtain a flat average vacuum potential. The Fermi level for the thin slab is 

evaluated using a SCF calculation. A relaxation calculation[69] is necessary to obtain 

equilibrium atomic positions for the terminated surface since they may be different from the 

atomic positions for the bulk crystal[70]. The average macroscopic potential is calculated using 

Quantum espresso’s input file “average.x” to obtain a vacuum level. Finally, equation 2.16 

used to calculate the work function. The same procedure was repeated for different numbers of 

atomic layers to obtain a convergent value with an error less than 0.05 eV. 

 

       For a clean Rh(110) photocathode surface, for example, the evaluation of the work 

function using the thin-slab technique[11] [58] [68] uses a 0.02Ry Gaussian spreading for the 

(110) crystal surface and fully relativistic pseudopotentials[63]. To ensure sufficient accuracy 

in the calculation, a vacuum thickness of 20Å is used and the (11) supercell thickness (n) is 

increased from 6 to 10 atomic layers together with the n  n  1 Monkhurst-Pack points[57] so 

that the work function value converges to within ±0.05eV.  The value of Rh(110) = 

4.70(±0.05)eV extracted from this calculation is within the range of the accepted value of  

4.86(±0.21)eV for Rh(110)[41].  
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CHAPTER 3 

3 EXPERIMENTAL DESIGN 

 

In this chapter, I will describe the experimental system at the University of Illinois at 

Chicago (UIC) that I employed to determine the spectral dependence of the mean transverse 

energy and quantum efficiency of photoemission from single-crystal metal photocathodes at 

300K using a home-built sub-picosecond laser-based UV radiation source tunable from 3.0-

5.3eV (235-410nm).  The tunable UV radiation is generated by sum-frequency mixing the 

second and third harmonics of a front-end, 2W, 28MHz repetition rate, femtosecond 

Ytterbium-doped potassium gadolinium tungstate (Yb:KGW) laser with the signal and idler 

radiation from nonlinear-fiber continuum-seeded optical parametric amplifier (OPA). The 

planar metal photocathodes are illuminated by this laser-based tunable UV radiation source 

and a solenoid scan technique is used to determine the MTE by fitting the measured photo-

electron beam spot size on a Ce: GAGG scintillator screen (1:1 imaged onto a CCD camera) 

as a function of the focal strength of two counter-wound cylindrical (solenoid) magnetic lenses 

with an extended analytical Gaussian (AG) model simulation of the electron pulse propagation.  

For the photoemission QE measurements as a function of photon energy, the scintillation 

screen is replaced by a 5 mm diameter aperture Faraday Cup connected to a pA meter. In this 

chapter, I will first discuss the tunable UV laser system design and then the photocathode 

characterization system along with a description of the AG model.  The experimental system 

used to characterize Cu photocathodes at Lawrence Berkeley National Laboratory (LBNL) will 

be described in chapter 7 together with the results obtained for these photocathodes.   
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3.1 Tunable Laser System 

 

3.1.1 The Yb:KGW laser head 

 

        In general, solid-state laser host materials must have excellent optical, mechanical, 

and thermal properties to withstand the severe operating conditions of practical lasers. 

Hardness, chemical inertness, absence of internal strain and refractive index variation, 

resistance to radiation-induced color centers, and ease of fabrication are desirable 

properties[71].  In addition, for the generation of short (sub-picosecond) pulses using mode-

locking techniques[21] a sufficiently large emission gain bandwidth is required.     

 

         Ytterbium-doped potassium gadolinium tungstate (Yb:KGW) is a widely used 

solid-state gain medium for ultrafast laser systems. The large spectral linewidths of Yb in 

crystalline hosts, as compared with Nd, permits solid-state laser operation with sub-picosecond 

pulses, using direct diode pumping[72].  Even though Yb requires higher intensity pumping 

than Nd due to its quasi-three-level system, thermal effects in Yb lasers are reduced as a 

consequence of a smaller quantum defect[73]. The tungstate hosts also have a large optical 

absorption cross-section for the Yb dopant a desirable property for diode pumping[74]. 

Yb:KGW has a ~4nm absorption bandwidth that readily facilitates direct diode laser pumping 

at 980 nm, and its broad emission bandwidth around 1040nm can support ~100fs pulse 

durations. The reported average power for mode-locked (ML) operation of Yb:KGW lasers 

using a single element gain medium with a simple pump geometry is about 1 W[75].  In nearly 

all these laser systems, complex optical geometries (e.g., in thin-disk lasers) or dichroic mirrors 

(or polarization coupling methods) are used to direct the diode pump radiation into the gain 

medium to improve laser efficiency and generate higher power ML operation.   
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         The Yb:KGW laser oscillator used as the front-end radiation source for the 

spectral photocathode characterization measurements described in this Thesis employs a much 

simpler diode pumping geometry which incorporates the in-house developed thermal lens 

shaping (TLS) technology[76] to compensate for astigmatism in the laser resonator while 

providing for efficient pumping and access to the broadest emission bandwidth of the gain 

medium. The oscillator employs a non-Brewster Yb:KGW crystal geometry, in which a single 

193nm thick SiO2 anti-reflection coating is applied to both polished 310 mm crystal faces to 

ensure that reflection losses are minimized for both the p-polarized 1046nm cavity radiation 

and the s-polarized diode pump radiation. To ensure a high pump-to-output lasing efficiency, 

the Yb:KGW crystal has 2at.% Yb dopant concentration to absorb more than 90% of the pump 

radiation[21]. Two 35 W dual-axis collimated and TM-polarized laser diode arrays operating 

at 980 nm (HLU35C10x5-980 from LIMO GmbH[77]) are used to achieve efficient pumping 

in a counter-propagating geometry. The 3.7 nm full-width half-maximum (FWHM) 980 nm 

absorption line of Yb:KGW was well-matched with the ~3nm emission linewidth of the two 

laser diode arrays[78–80]. With 100 mm focal length lenses, this allows the pump radiation to 

be focused on to a pump spot diameter of ~400 m, yielding a maximum pump irradiance of 

~28 kW/cm2 from one laser diode array[21].  

 

3.1.2 The Yb: KGW laser cavity 

 

Although, the basic design of the diode pumped Yb: KGW femtosecond laser used for 

electron pulse generation was not part of my thesis work, the previous laser resonator 

configuration was modified to obtain the higher pulse powers required to run an optical 

parametric amplifier (OPA) and hence generate the tunable UV radiation for the photocathode 
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studies. Full details of the laser head design can be found elsewhere[21,76]: Here, I will briefly 

review the changes to the laser resonator design. The primary modification was to increase the 

length of the asymmetric z-fold cavity to 5.35m to reduce the repetition rate by a factor of 2 in 

order to increase the energy per pulse.  As shown in figure 3.1, this was achieved by increasing 

(i) the radius of curvature of the cavity’s focusing mirrors and (ii) the overall length of the 

resonator to maintain the laser mode size in the gain medium.     

 

 

 

 

 

 

 

 

Figure 3.1: Schematic of the femtosecond TLS Yb:KGW laser oscillator.(DL- diode laser, OC- 

output coupler, SBR- saturable Bragg reflector, DCM- dispersion compensating mirror). 

 

The two dispersion compensating and focusing (DCM) mirrors either side of the 

Yb:KGW gain medium were replaced by mirrors with a radius of curvature of 1m and a with 

group velocity dispersion (GVD) of −550(50) fs2 [81] at 1040nm. These mirrors are 

positioned 55 cm from the gain medium to maintain resonator stability while compensating for 

the pump-induced thermal lens effect in gain medium.  The laser diode pump geometry is 

retained as the required TLS astigmatism compensation for the longer laser resonator is 

unchanged. The shorter arm of the resonator terminated by the 7% output coupler is increased 

in length to ~1.5m using an additional z-fold section of two flat DCM mirrors with a GVD of 

−550(50) fs2.  The longer arm of the resonator terminated by the saturable Bragg reflector 

S

BR 

z = 84 cm 
R = 2m 

R = 1.0m 
DCM 

  

R = 1.0m 
DCM 

  

DL 

   

DL    OC 

SBR 

Yb:KGW 



 

 

 

41 

(SBR) was also lengthened by a factor of two to ~2.5m using a flat folding mirror and a 2m 

radius of curvature mirror to focus the intracavity radiation onto the SBR.  The SBR has a 1% 

reflectivity modulation depth at the 1046nm laser wavelength and is positioned at z = 84cm 

from its intracavity focusing mirror in order to compensate for its absorption-induced thermal 

bowing[82]. This cavity configuration allows the mode-locked Yb:KGW laser to maintain its 

250fs pulse duration and 2W output power, but now a 28MHz repetition rate which boosts the 

output pulse energy to ~70nJ – a 280kW peak pulse power.   
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3.1.3 Optical parametric amplification and tunable UV generation 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: (a) Schematic of 28 MHz tunable UV laser radiation source: LBO= Lithium 

triborate, OPA= Optical parametric amplifier for amplification of signal and idler frequencies 

ωi,s, BBO = β-Barium borate, SHG= second harmonic generation of frequency 3ω and F = filter 

suppressing idler wave. (b) Optical parametric amplification at 870nm; continuum seed 

radiation (lower spectrum), spectrum after OPA1 (middle spectrum), and spectrum after OPA 

1and OPA2 (top spectrum). 

 

(a) 

(b) 
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The ultra-short pulse radiation from the 2W mode-locked Yb:KGW laser oscillator is 

split into two to generate the continuum seed and green pump radiation for the OPA (Figure 

3.2).  the main 1.7W portion is frequency doubled in a 5mm non-critically phase matched 

(NCPM) Lithium triborate (LBO) crystal to produce ~1W at 523nm.  The spatial mode size of 

this pump radiation is matched to that of the continuum radiation in the OPA stages and optical 

delay stages are used to ensure proper temporal overlap of the pump and continuum pulses.  

The residual 0.3W of the laser output power is coupled into a 50cm-long nonlinear fiber (SC-

3.7-975, NKT Photonics) with a mode field diameter of 3.2μm to generate a stable super-

continuum that extends to ~650nm on the short wavelength side of the 1046nm input (Fig. 3.2). 

Silver-coated off-axis parabolic mirrors are used to first collimate and then focus the 

picosecond pulses of continuum radiation into a 10mm-long, temperature-tuned NCPM LBO 

crystal that acts as a first stage of optical parametric amplification (OPA) using the temporally 

and spatially coincident co-linear ~140kW peak power green pulses as the pump radiation. 

After a 5:3 relay-imaging magnification from the ~40μm-diameter spot size for both the pump 

radiation and amplified continuum in the first OPA stage, the pulses in both beams are again 

temporally and spatially overlapped in a second OPA consisting of two back-to-back, critically 

phase-matched (i.e., angle-tuned), 15mm LBO crystals. A 1.5mm a-cut a-barium borate crystal 

is inserted between the two LBO crystals to compensate for the group velocity difference 

between the pump and amplified signal frequency pulses. A filter between the two OPA stages 

blocks the idler radiation generated in the first OPA to provide for a clean parametric 

amplification for the 700-920nm signal radiation and generation for the 1.2-2.0μm idler 

radiation in the second OPA stage. Fig. 2(b) shows the typical performance of the 28MHz 

continuum seeded OPA at a signal wavelength of 870nm; the first OPA stage amplifies the 

horizontal polarization component of the un-polarized continuum by a factor of ~10, and a 

further signal wave amplification of ~3 is achieved in the second OPA stage.  
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To generate the tunable UV radiation, the amplified signal and idler radiation is sum 

frequency mixed in 2mm-thick β-barium borate (BBO) crystals with either the second or third 

harmonics of the fundamental 1046nm Yb:KGW laser radiation.  The latter are produced from 

the residual ~0.7W of fundamental radiation after the initial frequency doubling using a 

sequence of two critically phase-matched 1cm LBO crystals.  Optical delay stages and relay 

imaging optics are employed to ensure optimal spatial-temporal overlap for the sum frequency 

generation which is performed in a non-collinear geometry to allow the generated UV to be 

readily separated – dichroic optics not being readily available in the UV.  The resultant UV 

radiation is tunable from 4.2 to 5.3eV using sum frequency generation with the third harmonic 

at 356nm and from 3.0 to 4.1eV using the second harmonic at 523nm.  It has a pulse duration 

of ~1ps and a power of ~10μW over the entire UV tuning range.  A 2:1 magnification telescope 

is used to relay image the UV radiation onto the photocathode face.  Together with the 3.56eV 

and 4.75eV third and fourth harmonics, the laser system provides almost continuous UV 

tunability from 3.0 to 5.3eV (i.e., 234-413nm). 

 

3.2 The photocathode characterization system 

 

Like the laser-based tunable UV radiation source, the photocathode characterization 

vacuum system was built from the ground up with many of the components being designed and 

built in house.  The design and construction of the electron gun and electron beam measurement 

system is not a part of my thesis, and a full description can be found somewhere else[83]. 

Briefly, the electron gun design is a truncated version of the Butler gun design[84,85]; 

specifically, it is a Butler gun of three-quarter length with its anode and cathode shaped to 

generate a parabolic shape to the longitudinal acceleration field so that, in the non-relativistic 
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limit, the net transverse electro-static lensing in the gun is zero[83]; i.e., the beam divergence 

caused by the spatially convergent acceleration field at the gun anode (the ‘anode lens’) is 

significantly reduced.  The output of this 20kV DC photoelectron gun, which can accommodate 

planar photocathodes with diameters of 8-10mm, is directed through two counter-wound 

cylindrical (solenoid) magnetic lenses that form part of a solenoid scan technique[86] to 

determine the MTE of the photo-emitted electrons.  The electron beam spot size is measured 

using a Ce:GAGG[22] scintillator screen (1:1 imaged onto a CCD camera) as a function of the 

focal strength of the magnetic lenses, and the initial MTE of the electrons photo-emitted from 

the photocathode is extracted by comparison to an extended analytical Gaussian (AG) 

model[11,23] simulation of the electron pulse propagation through the experimental system.  

To ensure accuracy in the beam propagation simulations, the focal strength of the magnetic 

lenses as a function of the solenoid current is carefully characterized and a finite element 

analysis is used to determine the exact shape of the near parabolic axial acceleration field in 

the gun – both being a required input data for the AG model.  

In these studies, conducted at 300K, the 8 to 10mm diameter planar single-crystal 

photocathode is co-axially inserted in the cathode and irradiated at a 60° angle of incidence by 

the UV radiation. The spatial dimensions of the incident Gaussian UV laser beams, which is 

also an input parameter for the AG model simulation, are determined by translating a 10 or 

25μm pin hole across the beam and monitoring the throughput using a GaP photodiode. 

Accounting for the factor of 2 increase due to the 60° angle of incidence in the horizontal (x) 

direction, the measured Gaussian half-width 1/e maximum (x, y) irradiance spot sizes at the 

photocathode surface are; (240, 80)±5μm for the tunable UV radiation generated using third 

harmonic (4.2-5.3eV), (240, 110)±5μm for the tunable UV radiation generated using the second 

harmonic (3.0-4.1eV), (330, 150)±5μm for the fourth harmonic at 4.75eV, and (240, 120)±5μm 

for the third harmonic at 3.56eV.  For all the measurements, the intensity of the UV radiation 
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incident on the studied single-crystal metal photocathodes was kept below 100kWcm-2 to 

ensure that nonlinear (e.g. two-photon) photoemission mechanisms did not play a role.   

 

Figure 3.3: Full solenoid scan; measured half-width 1/e maximum vs magnetic lens strength 

(solenoid current2) for Mo(001) at 4.75 eV photon energy. 

 

Figure 3.3 shows a representative example of a solenoid scan used to obtain a value for 

the MTE of the photo-emitted electrons, in this case for Mo(001) at ħω = 4.75eV.  The value 

for the plotted electron beam spot size (in either the x or y directions) at each solenoid current 

is extracted from the pixelated CCD image of the beam using a Gaussian fit function in a 

Matlab code.  For convenience, the square of the solenoid current is plotted, because the double 

action of a solenoid lens ensures that its focal strength is proportional to the square of its 

magnetic field and, hence, the square of the current through its coils[83]. The solid line shows 

the electron beam size on the Ce:GAGG scintillator screen as a function of solenoid current 

H
W

e-1
M

(y
) 

(m
m

) 



 

 

 

47 

simulated by the extended AG model for electron propagation through the photocathode 

characterization system when the initial MTE is 325meV. The electron beam spot size at zero 

solenoid current (i.e. unfocused or free beam propagation), which increases with increasing 

MTE, and the solenoid current at the focus (~1.8A), where the laser-beam-dependent 

photocathode emission area is effectively imaged onto the scintillator, benchmark the solenoid 

scan technique.  In general, the AG model fit to the experimental solenoid scan data allows for 

the extraction of the MTE with an error of around 10%, although this is dependent on the 

signal-to-noise in the Gaussian fits to the electron beam images.  For weak signals from 

photocathodes with low QE, the initial linear rate of change of the beam spot size with the 

square of the solenoid current (from 0 to 1A) is also used to extract an MTE value at a particular 

incident photon energy as this allows for an averaging over ~5 spot size measurements.   

For the photoemission QE measurements as a function of photon energy, the 

scintillation screen is replaced by a 5mm-diameter aperture Faraday cup connected to a pA 

meter. The current in the solenoid scan lenses is set so that the electron beam is focused at the 

Faraday cup to ensure all emitted electrons are collected. The incident laser power is monitored 

before the last Al turning mirror (directing the UV light onto the photocathode) and the UV-

grade fused silica vacuum system window using a calibrated photodiode power meter with 

sensitivity into the 10nW range. The known reflectivity of the Al mirror and transmission of 

the fused silica window as a function of UV wavelength is included in the QE evaluation.  
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CHAPTER 4 

4 SINGLE CRYSTAL Rh(110) PHOTOCATHODE 

 

In chapters 2 and 3, respectively, the one-step photoemission formalism and the 

experimental setup have been introduced. This chapter deals with, to my knowledge, the first 

verification of the direct connection between the electronic band structure of a solid-state 

photocathode material and its experimentally determined spectral photoemission properties; 

specifically, the mean transverse energy (MTE) and quantum efficiency (QE). This connection 

is verified for a single crystal Rh(110) photocathode using fully relativistic (including spin-

orbit coupling) Ab initio band structure calculations to determine with sufficient accuracy the 

energy-momentum dispersion(s) of the emitting electronic states and an exact quantum solution 

for transmission over and through a triangular barrier[38] that is extended into the transverse 

dimension and includes the physics of the vacuum states[20] (Chapter 2). The predicted 

spectral dependence of the MTE and QE of the Rh(110) photocathode is in very good 

agreement with experimental data obtained using the solenoid scan technique and Faraday cup 

measurements that employ an ultraviolet radiation source tunable from 3.0 to 5.3eV (235-

410nm) (Chapter 3).  Further, in the last section of this chapter, I will compare the presented 

theoretical and experimental work on the Rh(110) photocathode with prior photoemission 

analyses to demonstrate the veracity of the approach presented in this thesis.  The resultant 

benchmarking for the evaluation of photocathode emission properties using Ab initio methods 

is expected to allow for the development of screening tools to select promising high brightness 

solid-state photocathodes. 
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4.1 Rh Band structure along Γ – K 

 

The band structure calculation for Rh was outlined in chapter 2, and figure 4.1 shows 

the relevant portions of the band structure of Rh for photoemission in the (110) crystal direction 

(the Γ − K direction in the Brillouin zone) and the relevant dispersions of the emitting bands in 

the transverse directions calculated using the DFT evaluated crystal parameters. For 

convenience, the Fermi level depicted by the horizontal line is set to zero energy. Our electronic 

band structure is almost identical to that of N. E. Christensen [87] and indicates that only two 

electron bands are expected to contribute strongly to photoemission from Rh(110) when ΔE < 

1eV; the Σ1 and Σ2 bands labeled Band 1 and Band 2, respectively, in the reduced zone scheme 

of Fig. 4.1(a). These two photo-emitting bands reside in the first and second Brillouin zones, 

respectively, as shown in the unfolded zone representation of Fig. 4.1(b) [88]. Also evident 

from the band structure is that there are no other bulk electronic states around the vacuum level 

(dashed line in Fig. 4.1(a)) that can affect the photoemission mechanism; that is, photoemission 

from Rh (110) can only be a one-step process. 
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Figure 4.1: Band structure of Rh along the Γ − K direction with the Fermi energy set to zero. 

(a): Reduced zone scheme with the Brillouin zones of each band numerically labeled and the 

vacuum level associated with the measured 4.23eV work function (dashed line).  Two possible 

resonant two-photon photoemission schemes at ħω  4.1eV are also shown.  (b): Unfolded 

zone scheme for the first two Brillouin zones with the longitudinal parabolic dispersion fits 

(dashed red lines) to the emitting Σ1 and Σ2 bands that cross the Fermi level. (c), (d): The 

transverse band structure calculated at the Fermi level for the band 1 (Σ1) and band 2 (Σ2) with 

a parabolic dispersion fit (red-dashed line). 

 

(d) (c) 

(b) (a) 
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For excess photoemission energies less than 1eV, the Σ1 and Σ2 emitting band states in 

the vicinity of and just below the Fermi level may both be well approximated by a cylindrical 

parabolic dispersion of the form  

                                                  𝐸(𝑝) = 𝐸0 +
(𝑝𝑧−𝑝0)

2

2𝑚𝑧
+

𝑝𝑇
2

2𝑚𝑇
 ,                                                   (4.1) 

 

where mz is the longitudinal electron effective mass in the Γ − K emission direction with 

momentum pz, mT is the electron effective mass in the transverse direction with momentum pT, 

p0 defines the longitudinal momentum of the minimum or maximum of the parabolic band in 

this approximation, and E0 is the energy of the latter momentum point with respect to the zero-

energy Fermi level (Fig. 4.1).  The longitudinal components and of the parabolic dispersion 

approximations are shown by the red-dashed curves in Fig 4.1(b), and the parabolic dispersion 

relationships for the transverse directions are shown by the red-dashed curves in Fig 4.1(c) and 

(d).  The extracted parameters mz, mT, p0, and E0 for the Σ1 and Σ2 bands are listed in Table I 

using units of electron volts (eV) and the free electron mass m0.  These parameters are 

employed in the comparison of the experimental measurements of the spectral dependence of 

the MTE and QE with our one-step photoemission model.   

 

Table I: Parabolic dispersion band parameters- Rh(110) 

 

 Band 1 (Σ1) Band 2 (Σ2) 

mz 0.7m0 −5.0m0 

mT −1.7m0 0.72m0 

p0 (√m0. eV) 1.0 1.1 

E0 (eV) −0.8 1.6 
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4.2 Mean transverse energy- Rh(110) 

 

The spectral dependence of the measured MTE for the Rh(110) photocathode is shown 

in Fig. 4.2 together with the results of a one-step parabolic band photoemission simulation[20] 

(solid and dashed lines) employing a work function of 4.23eV (see Section 3.1.3).  The 

simulation is an extension of the exact triangular barrier transmission solution of R.G. Forbes 

and J.H.B. Deane[38] for photoemission from a parabolic band with its dispersion described 

by longitudinal (mz) and transverse (mT) effective masses (equation 4.1); that is, it employs the 

parameters listed in Table I to simulate the emitting Σ1 and Σ2 electronic bands for Rh(110). 

 

The two dashed lines in Fig. 4.2 shows the MTE of electron emission predicted by the 

one-step simulation for the Σ1 and Σ2 electronic bands.  The simulated relative QE from each 

band as a function of excess photoemission energy is then used as a weighting to evaluate the 

theoretically expected MTE from Rh(110) as a function of incident photon energy; that is, the 

emission from each band is assumed to be independent.  The resulting spectral trend predicted 

by the one-step parabolic band photoemission simulation, shown by the solid line in Fig. 4.2 is 

clearly in very good agreement with the experimental data.  We note that the Σ2 band dominates 

photoemission from Rh(110) since its density of states at zero transverse momentum (pT = 0) 

is significantly larger than that of the Σ1 band at all investigated excess energies; specifically, 

the magnitude of mz is 7 greater for Band 2 than Band 1 (Table I).   

 

The experimental data also indicates a small increase in MTE at negative excess 

energies of around −0.15eV when the incident photon energy is about 4.1eV (300nm).  This 

may be due to either (or both) of the two resonantly enhanced two-photon photoemission 

processes depicted Figure. 4.1(a): Two photons could excite electrons from a lower band in the 
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same first Brillouin zone via either a one- or two-photon resonance with the Σ1 band using 

~4.1eV photons to produce electrons with a small 0.1-0.2eV excess energy, thus increasing the 

measured MTE.  This emission process has not been included in our one-step photoemission 

simulation.   

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Mean transverse energy of emitted electrons from Rh(110) and a function of 

incident UV photon energy (ħω): Experimental solenoid scan measurements (data points); 

theoretical MTE evaluated from the one-step photoemission simulation for Band 1 (lower 

dashed line) and Band 2 (upper dashed line); total simulated MTE for Rh(110) emission (solid 

red line).  The vertical dotted line indicates the measured 4.23eV work function. 

 

Also notable is that the one-step photoemission simulation predicts that the MTE will 

level off to a constant value of 39meV for incident photon energies below the 4.23eV work 

function.  This value is 56% larger than the 300K limiting value of kBTe = 25meV predicted by 

the polylogarithmic formulation developed by Vecchione et al.[19].  Roughly 70% of this 

difference is accounted for by the use, in their analysis, of an effective electron mass equal to 

the free electron mass m0 in the photocathode material and the omission of both the parabolic 
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emission bands and the vacuum state physics[20].  The rest is due to the ‘abnormal’ nature of 

the emission bands; specifically, the fact that both bands have opposite signs for the 

longitudinal and transverse effective masses.  This dispersion difference provides for electronic 

states at higher transverse momenta that may emit in the Boltzmann tail of the photo-excited 

electron distribution extending above the vacuum level.  Nonetheless, our one-step 

photoemission analysis predicts that sub-10meV MTE values can be attained using Rh(110) at 

photoemission threshold (ΔE = 0) provided the photocathode is cooled to below 70K and laser-

induced heating[89] does not increase Te (temperature dependence of MTE explained in 2.5.1 

section). 

   

For excess photoemission energies greater than ~0.7eV, our band structure calculation 

(Fig. 4.1) indicates that emission from other filled states below the Fermi level is possible; first 

from the Σ4 band in the fourth Brillouin zone just above k = 9/(2a) and then from the 

extension of the Σ2 band just below k = 6/(2a).  However, the contribution to the electron 

emission from these states is expected to be only a few percent of that from two simulated 

bands that cross the Fermi level as their effective excess photoemission energies are 0.7-0.8eV 

lower. In previous theories [30], a quadratic dependence of the excess energy (ΔE2) was 

assumed for QE; that is, even under this dependence, at ~0.1eV excess energies for these bands 

they would contribute about (0.85/0.1)2 = 72 times less to photoemission than the two bands 

used in the simulation.   

 

4.3 Quantum efficiency and work function- Rh(110) 

 

Figure 4.3 displays the measured spectral dependence of the QE for Rh(110), expressed 

as emitted electrons per absorbed photon using the 45-56% surface reflectivity evaluated from 



 

 

 

55 

the known complex refractive index Rh[90] over the measured 236-288nm spectral range.  The 

QE increases by three orders of magnitude from ~10-8 electrons/photon (the detection limit for 

the measurement) at ħω = 4.31eV to over 310-5 electrons/photon at ħω = 5.26eV where ΔE  

1eV.  The optical properties of Rh[90] indicate that the high optical surface reflectivity for the 

p-polarized UV light incident at 60 is due to total internal reflection since the real part of the 

photocathode’s refractive index is less than unity over the measured wavelength range.  

However, at near normal incidence, the surface reflectivity of Rh increases to over 60%.  We 

also note that nonlinear (e.g. multi-photon) photoemission was not observed in our QE 

measurements as they were all performed (i) at incident peak pulse laser intensities less than 

~100kW/cm2 and (ii) at photon energies above the photoemission threshold which excludes 

the possible two-photon transitions at ħω  4.1eV.  In addition, these QE results place an upper 

limit of ~100 electrons/pulse for the solenoid scan measurements with the tunable UV radiation 

source – a pulse charge for which the AG electron pulse propagation simulation indicates that 

intra-pulse space-charge effects are negligible and so will not affect the extraction of the MTE 

values presented in Section 4.2[23].   
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Figure 4.3: Quantum efficiency (QE) per absorbed photon of Rh(110) as a function of incident 

UV photon energy (ħω): Experimental measurements (data points) and linearly-scaled fit of 

the simulated QE for Rh(110) emission (solid red line).  Inset: Extraction of the 4.23eV work 

function (vertical dotted line) using (QE)1/2.89 vs. ħω. 

 

The theoretical spectral dependence of the QE obtained from our one-step 

photoemission simulation, using the same two bands employed for the MTE calculation (Fig. 

4.2), is plotted as the solid line in Fig. 4.3.  As the matrix element associated with the photo-

excitation is not directly included in the photoemission simulation, the total summed two-band 

QE evaluated from the photoemission model is scaled linearly to fit the experimental data.  

Clearly, the theoretical simulation is in very good agreement with the spectral dependence of 

the QE measurements.  It also indicates that the QE does not follow the Fowler-DuBridge 

quadratic scaling of the QE with excess photoemission energy[26,30]; that is, QE  A.(ΔE)2, 

where A is a constant.  Instead, it predicts a ΔE power law scaling with an exponent of around 
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2.89(0.05), which is a direct result of the inclusion of bulk band and vacuum states in our 

photoemission analysis[20].  Armed with this knowledge, one can employ the analysis method 

of Gobeli and Allen[51] to extract the work function for our Rh(110) photocathode: Namely, a 

plot of QE1/2.89 against photon energy provides a linear dependence the abscissa intercept of 

which gives a value for the work function[51,91].   The inset of Fig. 4.3 shows that such an 

analysis gives a work function of 4.23(±0.05) eV – the value that is employed in our one-step 

photoemission simulations shown in Figs. 4.2 and 4.3. In contrast, the work function calculated 

using the thin-slab technique[11,58,68] (see chapter 2, section 2.6.2) gives a value of Rh(110) = 

4.70(±0.05)eV, which is ~0.5eV above our extracted experimental value.  Although Rhodium 

is not known to react strongly with oxygen, this discrepancy is likely due to a dipole induced 

by a thin (~1 mono-layer) surface oxide.  Certainly, the (110) face of face centered cubic metals 

is generally more reactive than other low-index crystal faces[92]. 

 

4.4 Comparison to prior photoemission theories 

 

For completeness, in figure 4.4 I compare the prior photoemission theories (presented 

in chapter 2) to the spectral measurements of the MTE and QE for the single-crystal Rh(110) 

photocathode.  Figure 4.4 (a) compares the experimental MTE data to the theoretical 

formulation of Dowell and Schmerge[18] for which MTE = ΔE/3 (dashed black line), and the 

more recent poly-logarithmic expression derived by Vecchione et al.[19] (equation 2.6) (solid 

black line). These theoretically predicted values, which use the extracted work function value 

of 4.23eV (figure 4.3), are below experimental data for all incident photon energies due, 

primarily, to the fact that they do not consider the bulk band and vacuum density of states.  The 

unusual nature of the dispersion of the two emitting bands for Rh(110) clearly also plays a role.  
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Figure 4.4: Mean transverse energy of emitted electrons from Rh(110) as a function of incident 

UV photon energy (ħω): (a) represents the experimental solenoid scan data with error bars (data 

points); MTE calculated using Vecchione’s analysis (equation 2.6) (solid black line); MTE 

calculated using Dowell-Schemrge theory (MTE = ΔE/3) (dashed black line). (b) QE1/2 as a 

function of photon energy(ħω): the experimental Faraday Cup QE (data points); QE calculated 

using Vecchione theory (equation 2.7) (solid black line); QE calculated using Fowler-

DuBridge relation (dashed black line). The vertical dotted line indicates the measured 4.23eV 

work function. 

 

In the figure 4.4 (b), the QE values measured using the Faraday cup are again compared 

to the expression derived by Vecchione et.al. (equation 2.7)[19] (solid black line) and also to 

the Fowler-DuBridge relation[26,30] of a quadratic power-law dependence (black dashed line); 

i.e., QE = A(ΔE)2.  To highlight the power-law dependence, I have plotted (QE)0.5 against ħω, 

which linearizes both prior theoretical expressions over the experimental data range (again 

using the extracted 4.23eV work function (figure 4.3)), and fitted both theoretical dependences 

to the measured QE at ħω = 4.41eV through the S12 and A parameters respectively.  It is evident 

that neither theoretical formulation agrees with the measured trend.  Again, this is due to the 

omission of the physics of the emitting band and recipient vacuum states in both prior 

photoemission theories.   

 

(a) (b) 
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Together, both (a) and (b) in figure 4.4 indicate the need for a new theoretical 

explanation for photoemission from solid-state photocathodes that is more consistent with 

experimental data.  The one-step photoemission analysis presented in this thesis is certainly in 

better agreement with the measured spectral dependences of the MTE and QE for the Rh(110) 

photocathode as it includes a direct connection between the electronic band structure of the 

solid-state photocathode material and its spectral photoemission properties. 
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CHAPTER 5 

 

5 BODY-CENTERED CUBIC METAL 

PHOTOCATHODES 

 

In chapter 4, the experimental data obtained using the solenoid scan technique and 

Faraday cup measurements was compared to the predicted spectral dependence of the MTE 

and QE using the face-centered cubic (fcc) Rh(110) photocathode as an example. The purpose 

of this chapter is to investigate the experimental emission properties for two single-crystal 

body-centered cubic (bcc) metal photocathodes; Mo(001) and W(001).  The group VIb 

elements Molybdenum and Tungsten are attractive photocathode materials due to hardness, 

high melting points, and relative chemical inertness[93,94]. The presented results will show 

that the predicted theoretical dependence of the MTE is consistent with, but not in complete 

agreement with, the experimental data, even though full relativistic effects and spin-orbit 

coupling are included in my Ab initio band structure calculations.  As was the case for Rh(110), 

for both bcc metal photocathodes I will include the DFT-based thin-slab evaluations of the 

work function and the fit functions in the cylindrical approximations to the band structure that 

are employed to predict the MTE and QE using the one-step photoemission formalism.  The 

latter are, in general, not as exact as for Rh(110) and so, together with the need to model multi-

band emission for both Mo(001) and W(001), likely contribute to the discrepancy between the 

spectral measurements and the one-step photoemission simulation.  
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5.1 Molybdenum 

 

5.1.1 Mo Band Structure 

 

 

 

 

        

 

 

 

 

Figure 5.1: Mo crystal structure; Body-centered cubic structure with optimized lattice constant 

a = 3.069 Å. Right panel is the top view and left panel is the 450 rotated view with (001) plane. 

The unit cell contains 2 atoms. (1/8*8 for corners and 1 at the center) 

 

The DFT calculations for the bulk Mo crystal again include full relativistic effects, with 

spin-orbit coupling included during the plane wave self-consistency iterations.  In other words, 

a fully relativistic pseudopotential within the generalized gradient approximation (GGA)[63] 

was employed, and the electronic wave function is described by a plane-wave basis set with an 

energy cut-off of 50 Ry, the energy cut-off for the charge density is set to 325 Ry, a threshold 

of 10-6 Ry for the ground state energy is used, and a Marzari-Vanderbilt smearing[64] with a 

broadening of 0.05 Ry is employed.  The resulting DFT calculated body-centered cubic crystal 

structure for Mo has a lattice constant a = 3.069 Å, which is within 2% of the experimental 

value[95]. The crystal structure obtained using the optimized lattice constant is shown in figure 

5.1. The Mo band structure (figure 5.2) is calculated along the k-path 
Δ
→ H

𝐺
→ N

Σ
→ 

∧
→ P

F
→ H 
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in the first Brillouin zone, where , G, , , and F are symmetry lines and their lengths are  

N = √2𝜋 𝑎⁄ , P = √3𝜋 𝑎⁄ , and H = 2𝜋 𝑎⁄ . For convenience, the Fermi level depicted by 

the horizontal line is set to zero energy. My electronic band structure is identical to that of C. 

L. Fu[95]. The effective mass along longitudinal direction at the Fermi level (k = kf) is 

calculated using the curvature of the relevant band, 𝑚𝑧
∗ = ℏ2 (𝑑2𝐸 𝑑𝑘2⁄ |𝑘=𝑘𝑓

)
−1

, and the band 

structure along transverse direction at 𝑘 = 𝑘𝑓 is evaluated to obtain the transverse effective 

mass 𝑚𝑇
∗  using a parabolic fit. 

 

 

Figure 5.2: Mo band structure along high symmetry points. The horizontal line at 0 eV 

represents the Fermi level. → H (001), →P (111), →N (110) represent directions. 

 

Figure 5.3 shows the Fermi surface for Mo calculated using a plane-wave basis set with 

151515 uniform k-grid points sampling the irreducible Brillouin-zone. The Γ − H direction 

is marked on the Brillouin zone using an arrow to show the -symmetry line along with a clear 

 H N  P H 

E
-E

f 
(e

V
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view of ‘lens’ feature in the band structure[95,96]. The relativistic band structure indicates that 

there are four electron bands that contribute to the photoemission for Mo(001).  

 

 

Figure 5.3: Mo Fermi surface calculated using DFT. The arrow indicates the Γ − H direction 

in the first Brillouin zone. The figure clearly visualizes the “jack”, “electron lens” and 

“octahedron” along the -symmetry line.  

 

Emission from the (001) crystal face (the → H direction in the Brillouin zone) was 

selected for Mo due to the presence of several emission bands with a low transverse effective 

mass mT that the photoemission analysis in chapter 2 indicates is required to achieve a low 

MTE. Figure 5.4 shows the relevant longitudinal portions of the band structure of Mo for 

photoemission in the (001) crystal direction.  If one ignores the spin-orbit splitting (avoided 

crossings) at 0.7 and 1.4eV below the Fermi level, each of the four bands that cross the Fermi 

level can be well fit by parabolic functions (red dashed lines); Band 1 as a hole-like band and 

Bands 2, 3, and 4 with electron-like dispersion in the longitudinal direction.  Bands 1 and 2 

generate the well-known ‘lens’ features in the Mo band structure on the ends of the central 

‘jack’ around the Γ point.  Bands 3 and 4 produce the octahedral features centered at the H 

 

H 
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points on the Fermi surface (figure 5.3). The spin-orbit interaction in Mo produces separations 

between these pairs of surfaces[96]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Band structure of Mo along the Γ − H direction with the Fermi energy set to zero 

and the vacuum level associated with the measured 3.70eV work function (dashed line). The 

band structure includes parabolic dispersion fits (red dashed lines) to the emitting Bands 1, 2, 

3 and 4 that cross the fermi level.  
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Figure 5.5: Transverse dispersion (black lines) and parabolic fits (dashed red lines) near the 

Fermi level for the four emitting bands labeled in figure 5.4: (a) Band 1, (b) Band 2, (c) Band 

3, and (d) Band 4. 

 

In the transverse direction, I have also evaluated a parabolic fit at the Fermi level for 

all four bands to allow the cylindrical parabolic dispersion relation of equation 4.1 to be used 

as the approximated fit functions in the one-step photoemission simulation for the emitting 

bands in the vicinity of and just below the Fermi level.  These four transverse fits to the DFT-

evaluated band dispersions are shown by the dashed red lines in figure 5.5 (a-d).  Clearly, in 

contrast to the longitudinal direction (figure 5.4), in general all the emitting bands are not well 

approximated by a parabolic transverse dispersion over momenta of 1.0 (m0.eV)1/2 which 

(a) (b) 

(d) (c) 
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corresponds to an excess energy of 0.5eV.  In fact, the dispersion of Band 2 changes 

significantly as a function of energy (or longitudinal momentum pz).  Nonetheless, I will 

employ the obtained mT values near the Fermi level in the cylindrical parabolic dispersion 

approximation of the four emitting bands as the input to the one-step photoemission simulation 

for Mo(001).  Table II list the values of the parameters mz, mT, p0, and E0 in this approximation 

for the four bands in units of electron volts (eV) and the free electron mass m0.  

 

Table II: Parabolic dispersion band parameters – Mo(001) 

 

 

 
Band 1 Band 2 Band 3 Band 4 

mz 

 
-0.863m0 1.386m0 1.27m0 1.261m0 

mT 

 
0.45m0 0.17m0 1.67m0 -0.225m0 

p0 (√𝑚0. 𝑒𝑉) -0.394 0.138 1.235 1.292 

E0 (eV) 1.71 -1.5 -1.6 -1.69 

 

 

5.1.2 Quantum efficiency and work function- Mo(001) 

 

As outlined in chapter 3 for Rh(110), the work function for a clean Mo(100) 

photocathode surface is calculated using the thin-slab technique[68]. The DFT-based work 

function calculation uses a 0.05 Ry Gaussian-spreading, fully relativistic pseudopotentials, and 

nn1 Monkhurst-Pack[57] k points to obtain convergence within 0.05eV. The value of 

4.6(±0.2)eV extracted from this calculation is within the range of the accepted value of  

4.46(±0.21)eV for Mo(001)[41].   
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Figure 5.6: Quantum efficiency (QE) per absorbed photon of Mo (001) to the power (1/3.5) as 

a function of incident UV photon energy (ħω): Experimental measurements (data points) and 

linearly scaled fit of the simulated QE for Mo (001) emission (solid red line). Linear fit (dashed 

black line) used to extract the 3.675eV work function (vertical dotted line). 

 

The method employed by Gobeli and Allen[51], which assumes that the QE is 

proportional to (E)n for small E that is significantly greater than kBTe (to avoid Boltzmann 

tail emission effects), is again used to determine the work function for Mo(001) photocathode 

from the spectral QE measurements.  As shown in figure 5.6, a value of n = 3.5(±0.05) 

generates a linear dependence for (QE)1/n as a function of the incident photon energy ħω 

(dashed line), especially for low E values, that allows a value of Mo(001) = 3.675±0.05 eV to 

be extracted.  This ΔE power-law scaling is also in agreement with the theoretical spectral 

dependence of the total scaled QE evaluated from the four emitting bands using the one-step 

photoemission simulation (solid red line).  As for Rh(110) in chapter 4, the total summed QE 

evaluated from the photoemission model is scaled linearly to fit the experimental data as the 

transition matrix elements are not included in the analysis. I note that in this case the theoretical 
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QE prediction is overall somewhat greater than the spectral dependence of the QE 

measurements, but there is still good consistency between experiment and theory.  Most 

importantly, like Rh(110), the QE clearly does not follow the Fowler-DuBridge[32] quadratic 

scaling of the QE with excess photoemission energy; that is, QE =A.(ΔE)2, where A is a 

constant again a direct result of the inclusion of bulk band and vacuum states in our 

photoemission analysis 

 

The ~1eV discrepancy between the experimental value for Mo(001) and the DFT 

evaluated value for a clean Mo(001) surface is also again likely due to the dipole induced by a 

surface oxide layer. Molybdenum is known to react with oxygen, forming a 1(±0.5) monolayer 

of MoO2 [97] on the at room temperature. The potential difference due to such a Mo surface 

oxide layer has been measured to be as large as ~1.7 eV[98] at 25 C – an indication that the 

work function discrepancy is due to an oxide layer. 

 

For completeness, in Figure 5.7 I show the spectral dependence of the absolute QE for 

Mo(001) expressed as emitted electrons per absorbed photon using the 59-74% surface 

reflectivity[99] evaluated from the known complex refractive index Mo over the measured 236-

288nm spectral range for 60 incident angle and for the p-polarized UV light. The measured 

QE (data points) increases from ~10-9 electrons/photons (the detection limit for the 

measurement) at ħω = 3.89eV to 2.9 ×10-6 electrons/photon at ħω = 5.26eV where ΔE 

>>1eV.  The solid red line in figure 5.7 displays the same total four-band QE predicted from 

the one-step photoemission simulation shown in figure 5.4.  The photoemission simulation 

indicates that Band 3 dominates the QE for E greater than ~0.3eV due to the larger local 

density of occupied states that result primarily from its large transverse effective mass mT 
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(Table II). There are also no resonant photoemission processes evident in the QE 

measurements.  This is consistent with the DFT evaluated band structure (figure 5.4) which 

indicates that resonant one-photon transitions from occupied states below the Fermi energy to 

unoccupied bands above the vacuum level are not possible for emission in the  - H direction.  

Moreover, no two-photon photoemission was observed in the measurements which is 

consistent with the less than ~100kW/cm2 incident UV pulse intensities used in the 

experiments. 

 

Figure 5.7: Quantum efficiency (QE) per absorbed photon of Mo(001) as a function of incident 

UV photon energy (ħω): Experimental measurements (data points) and linearly-scaled fit of 

the simulated QE for Mo(001) emission (solid red line).  

 

 

 



 

 

 

70 

5.1.3 Mean transverse energy- Mo(001) 

 

The spectral MTE measurements for the Mo(001) photocathode, obtained using the 

solenoid scan technique and the 3.0-5.3eV tunable UV radiation source, also display features 

that are inconsistent with prior photoemission analyses.  In figure 5.8, I contrast the obtained 

experimental MTE data with the formulation of Dowell and Schmerge[18] for which MTE = 

ΔE/3 (dashed black line), and the more recent expression derived by Vecchione et al.[19] (solid 

black line) (equation 2.6).  Although the Dowell-Schmerge theory and the Vecchione theory 

agree with the experimental data for E < 0.8eV (ħω < 4.5eV), the measured MTE values are 

less than predicted by these prior theories at higher photon energies.  This is likely a 

fundamental effect caused by the band structure of Mo; specifically, the fact that the three 

electron-like bands emitting in the (001) crystal direction have minima 1.5 – 1.7eV below the 

Fermi energy (see figure 5.4 and Table II).  The one-step photoemission simulations shown in 

section 2.5.2 of chapter 2 indicate that the MTE becomes constant for such bands when the 

photon energy exceeds the difference between the Fermi energy and the energy of the bottom 

of the band.  For the case of Mo(001), the three bands all have different E0, mz, and mT values 

(Table II) which will tend to smooth out the strong MTE variations displayed in figure 2.6. 
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Figure 5.8: Mean transverse energy of emitted electrons from Mo(001) and a function of 

incident UV photon energy (ħω): Experimental solenoid scan data with error bars (data points); 

MTE calculated using Vecchione theory using Ef=7.37 eV[100] (equation 2.6) (solid black 

line); MTE calculated using Dowell theory (MTE = ΔE/3) (dashed black line).   

 

The results of the full one-step photoemission simulation of the MTE for the Mo(001) 

photocathode using the cylindrical parabolic band dispersion parameters listed in Table II are 

shown in figure 5.9 together with the experimental measurements (data points).  The dashed 

black line, blue solid line, dashed dot line, and solid black line show the MTE predicted by the 

one-step simulation for the emission Bands 1, 2, 3, and 4 respectively. The simulated relative 

QE from each band as a function of excess photoemission energy is then used as a weighting 

to evaluate the theoretically expected MTE from Mo (001) as a function of incident photon 

energy; that is, the emission from each band is assumed to be independent.  Not surprisingly, 

the emission from Band 3 generates the largest MTE since it has the largest transverse effective 

mass mT = 1.67m0 (Table I), whereas the other three bands with comparable values of mT have 

significantly lower MTEs of electron emission.  As Band 3 also approximately has the same 
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QE of emission as the other three bands combined, the total simulated MTE of emission (solid 

red line) lands roughly halfway between the two.    

 

The spectral dependence of the four-band MTE calculated using the one-step 

photoemission analysis in the cylindrical band dispersion approximation is not quite in 

agreement with the experimental data – its predicted MTE value is about 30-50meV too low.  

This discrepancy is likely due to the fact that the transverse dispersion of the four emission 

bands are not well described by a simple parabolic form, as shown in figures 5.5.  Indeed, the 

transverse dispersion of Band 3, which clearly greatly influences the MTE of the Mo(001) 

photocathode, is known to be highly energy dependent.  A more sophisticated analysis 

technique that takes into account such non-parabolic dispersion may produce better agreement, 

but they will likely first need to be tested on photocathode materials that do not have multi-

band emission like Mo(001).  

 



 

 

 

73 

 

Figure 5.9: Mean transverse energy of emitted electrons from Mo(001) as a function of incident 

UV photon energy (ħω): Experimental solenoid scan measurements (data points); theoretical 

MTE evaluated from the one-step photoemission simulation for Band 1 (dashed line), Band 2 

(blue solid line) Band 3 (dashed dot line) and Band 4 (black solid line); total simulated MTE 

for Mo(001) emission (solid red line).  The vertical dotted line indicates the measured 3.7eV 

work function. 

 

5.2 Tungsten 

 

5.2.1 W Band structure 

 

Figure 5.10 shows the band structure for W calculated using DFT with full relativistic 

effects and spin-orbit coupling. The W band structure is evaluated along the k-path 
Δ
→ H

𝐺
→ N

Σ
→ 

∧
→ P

F
→ H in the first Brillouin zone, where , G, , , and F are symmetry lines and their 

lengths are  N = √2𝜋 𝑎⁄ , P = √3𝜋 𝑎⁄ , and H = 2𝜋 𝑎⁄  for the bcc lattice constant a.  For 

convenience, the Fermi level depicted by the horizontal line is set to zero energy. For my DFT 
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calculation of the bulk W crystal, the electronic wave function is described by a plane-wave 

basis set with an energy cut-off of 70 Ry, and the energy cut-off for the charge density is set to 

400 Ry. A threshold of 10-6 Ry for the ground state energy is used, and a sampling of 200 

Monkhorst-Pack special k-points along the primary crystallographic directions[57] and a 

Marzari-Vanderbilt smearing[64] with a broadening of 0.07 Ry is employed. The resulting 

DFT calculated body-centered cubic crystal structure for W has a lattice constant a = 3.2348 

Å, which is within 2% of the experimental value[100]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: W band structure along high symmetry points. The horizontal line at 0 eV 

represents the Fermi level. → H (001), →P (111), →N (110) represent directions. 

 

The Fermi surface for W calculated using a plane-wave basis set with 151515 

uniform k-grid points sampling the irreducible Brillouin-zone is shown in figure 5.11. The Γ 

− H photoemission direction for W(001) is marked on the Brillouin zone using an arrow along 

the -symmetry line. The ‘lens’ feature present in the Mo band structure (figure 5.3) is not 

present for W as stronger relativistic / spin-orbit coupling effects generate a larger band 
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splitting forcing the minimum of the ‘lens’ feature above the Fermi level (figure 5.5). My 

relativistic band structure calculation, which is in good agreement with that of Christensen and 

Feuerbacher[101], indicates that two bands will contribute to photoemission for excess 

energies less than about 1.2eV – a simplification from Mo(001) due to the increased relativistic 

/ spin-orbit coupling effects for the higher Z Tungsten atom. 

          

Figure 5.11: W Fermi surface calculated using DFT. The arrow indicates the Γ − H direction 

in the first Brillouin zone. The figure clearly visualizes the “jack”, “electron lens” and 

“octahedron” along the -symmetry line. 

 

Figure 5.12 shows the relevant portions of the band structure of W for photoemission 

along (001) crystal direction (the Γ − H direction in the Brillouin zone) calculated using the 

DFT evaluated crystal lattice constant.  In this case, in order to ensure a reasonable accurate 

representation of the possible emitting states in the employed cylindrical parabolic band 

dispersion approximation, I will use three band portions to approximate the W band structure 

in the longitudinal direction.  These are shown by the dashed red lines in figure 5.12(a).  The 

Γ 
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first band crossing the Fermi level is split into two portions; one, labeled Band 0, from the  

point to about 0.27 of the  - H distance (i.e. to an energy of ~0.5eV below the Fermi energy) 

and the second, labeled Band 1, from 0.37 of the  - H distance to just above the Fermi level.  

The second band crossing the Fermi level, labeled Band 2, is fit in the same manner as Band 4 

for Mo(001) (figure 5.4) – it is, of course, the same band.  All three band portions are electron-

like in this longitudinal emission direction.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: (a) Band structure of W along the Γ − H direction with the Fermi energy set to 

zero and the vacuum level associated with the measured 3.78eV work function (dashed line). 

The band structure includes parabolic dispersion fits (red dashed lines) to the emitting Bands 

1 and 2, that cross Fermi level and Band 0 below the Fermi level. (b)-(d) Band structure for W 

along transverse direction for Bands 1, 2 and 0 respectively. The red dashed lines indicate the 

parabolic fits used in effective mass calculation along transverse direction near the Fermi level   

for Band 0 at 0.27 of the  - H distance (near the first maximum of the band). 
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The corresponding transverse fits to the three bands are shown in figure 5.12(b-d); for 

Bands 1 and 2 in the vicinity of the Fermi level and for Band 0 at about 0.27 of the  - H 

distance (near the first maximum of the band).  In this case, the transverse dispersions are 

somewhat better approximated by parabolic dispersions (dashed red lines) than was the case 

for Mo (figure 5.5), mainly because the larger relativistic / spin-orbit coupling effects in W 

ensure that the bands are further apart energetically and so do not influence each other as 

strongly.  The longitudinal and transverse band parameters mz, mT, p0, and E0 extracted for the 

three emitting band portions in the cylindrical parabolic dispersion approximation are listed in 

Table III using units of electron volts (eV) and the free electron mass m0. These parameters are 

employed in the comparison of the experimental measurements of the spectral dependence of 

the MTE and QE with the one-step photoemission model.   

 

Table III: Parabolic dispersion band parameters – W(001) 

 

 

 
Band 0 Band 1 Band 2 

mz 1.64m0 1.0m0 1.0m0 

mT 0.59m0 0.91m0 -0.32m0 

p0 (√𝑚0. 𝑒𝑉) 0.057 1.65 1.82 

E0 (eV) -0.8 −0.86 -1.25 

 

5.2.2 Quantum efficiency and work function- W(001)  

 

The work function for a clean W(100) photocathode surface is calculated to be 

4.6(±0.2)eV using the thin-slab technique. For this evaluation, I used a 0.05 Ry Gaussian-

spreading, fully relativistic pseudopotentials, and nn1 Monkhurst-Pack[57] k points to 
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ensure that the DFT-based calculation converged to within 0.2eV. The obtained value for 

W(001) is within the range of the accepted value of  4.70(±0.21)eV for W(001)[41]. 

 

As for Rh(110) and Mo(001), the method employed by Gobeli and Allen[51], which 

assumes QE = A.(E)n with A constant, is used to determine the work function for the W(001) 

photocathode from the spectral dependence of the QE well above the work function.  In this 

case, the one-step photoemission simulation predicts a ΔE power-law scaling with an exponent 

of around 3.0 as a result of the inclusion of bulk band and vacuum states in the analysis.  

However, as shown in figure 5.13, a plot of the cubic root of the theoretical QE against the 

incident photon energy ħω does not generate a clear linear dependence.  This is due to the onset 

of emission from Band 0 when E exceeds ~0.5eV.  Nonetheless, the scaled QE obtained from 

the one-step photoemission model is a very good fit to the experimental QE data which is 

expressed as emitted electrons per absorbed photon using the 51-61% surface reflectivity[99] 

evaluated from the known complex refractive index W over the measured 236-288nm spectral 

range for 60° incident angle and the p-polarized UV light.  The only outlier is the data point at 

4.75eV (the fourth harmonic of the Yb:KGW laser system[25]) which may be the result of 

measurement error or laser power fluctuations.  An approximate linear fit through the lower 

photon energy data points (dashed line in figure 5.12) allows a value of 3.78±0.05 eV for the 

work function of W(001) to be determined.  This value is ~0.82eV below the extracted thin-

slab value of ~4.6eV.  The discrepancy is again likely due to a 1 (±0.5) monolayer WO2 oxide 

layer on the photocathode surface at room temperature [97] a potential difference due to the 

tungsten surface oxide layer is estimated to be around 1.6-1.9 eV at 25 C [98]. 
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Figure 5.13: Quantum efficiency (QE) per absorbed photon of W (001) to the power (1/3) as a 

function of incident UV photon energy (ħω): Experimental measurements (data points) and 

linear fit (dashed black line) used to extract the 3.78 eV work function (vertical dotted line). 

The red solid line indicates the theoretical simulation calculated QE values. 

 

Figure 5.14 shows the spectral dependence of the measured absolute QE for W(001) 

expressed as emitted electrons per absorbed photon (data points) and the equivalent theoretical 

dependence from the one-step simulation (red line) scaled as in figure 5.13. The QE increases 

from ~10-9 electrons/photons (the detection limit for the measurement) at ħω = 4.00 eV to 3.7 

×10-6 electrons/photon at ħω = 5.26 eV where ΔE ~ 1.45eV.   The good agreement between 

the experiment and theory in the spectral trend of the QE is a strong indication that emission 

from W(001) is a one-step process.  Indeed, the band structure in the  - H emission direction 

(figure 5.12) indicates that there is little likelihood of resonant one-photon photoemission 

processes and two-photon photoemission is equally as unlikely due to the low (<100kWcm-2) 

laser intensities employed in the measurements.   

(a
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Figure 5.14: Quantum efficiency (QE) per absorbed photon of W(001) as a function of incident 

UV photon energy (ħω): Experimental measurements (data points) and linearly-scaled fit of 

the simulated QE for W(001) emission (solid red line).   

 

5.2.3 Mean transverse energy- W(001) 

 

Despite the clear observation above that the QE does not follow the Fowler-

DuBridge[32] quadratic scaling of the QE with excess photoemission energy, the spectral MTE 

measurements for the W(001) photocathode, obtained using the solenoid scan technique and 

the 3.0-5.3eV tunable UV radiation source, display features that are more consistent with prior 

photoemission analyses.  In figure 5.15, I compare the obtained experimental MTE data with 

the formulation of Dowell and Schmerge[18] for which MTE = ΔE/3 (dashed black line), and 

the more recent expression derived by Vecchione et al.[19] (solid black line) (equation 2.6).  
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Below an excess energy of ~1.0 eV, the prior theories are agreeing quite well with our 

experimental data.  This is in large part due to the fact that Band 1 with its larger density of 

states dominates the photoemission in the (001) crystal direction and its transverse effective 

mass mT is close to the free electron mass m0 (Table III).  Nonetheless, as for Mo(001), there 

is a suppression of the rate of increase of the MTE at higher excess energies which is again due 

primarily to the minima in the electron-like Bands 0 and 1 around 0.8-0.9eV (Figure 5.12).   

 

 

Figure 5.15: Mean transverse energy of emitted electrons from W(001) as a function of incident 

UV photon energy (ħω): Experimental solenoid scan data with error bars (data points); MTE 

calculated using Vecchione theory using Ef=7.45 eV[100] (equation 2.6) (solid black line); 

MTE calculated using Dowell theory (MTE = ΔE/3) (dashed black line). 

 

In Figure 5.16: Mean transverse energy of emitted electrons from W(001) as a function 

of incident UV photon energy (ħω): Experimental solenoid scan measurements (data points); 

theoretical MTE evaluated from the one-step photoemission simulation for Band 1 (solid black 

line) and Band 2 (black dot-dashed line) and Band 0 (black dot-dot-dashed line); total simulated 
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MTE for W(001) emission (solid red line).  The vertical dotted line indicates the measured 

3.78eV work function., I display the spectral dependence of the MTE predicted by the one-step 

photoemission model, using the extracted value of 3.78eV for the work function (Figure 5.13), 

shown in Figure 5.16 together with the experimental measurements (data points).  The solid 

black and double-dot dashed black lines show the MTE of electron emission predicted by the 

one-step simulation for Bands 1 and 0 respectively, while the lower dot-dashed black line 

shows the predicted MTE for Band 2. All the emissions are evaluated in the cylindrical 

parabolic band approximation (i.e. using the parameters in Table III) for states from the band 

minimum at pz = p0 to about 20kbTe above the Fermi level to ensure all photo-emitted electrons 

in the Boltzmann tail of the distribution are counted.  The exception is Band 0 where the 

evaluation is from pz = p0 to pz = 1.128 (m0eV)1/2 which corresponds to a point about 0.45eV 

below the Fermi level just before the small energy maximum (Figure 5.12).  The part of the 

band just after the energy maximum has a negative gradient, implying that the group velocity 

dE/dpz is negative in the direction of emission, meaning that electrons from these states likely 

have a significantly reduced photoemission efficiency. The simulated relative QE from each 

band as a function of excess photoemission energy is then used as a weighting to evaluate the 

theoretically expected MTE from W(001) as a function of incident photon energy; that is, the 

emission from each band is assumed to be independent. The predicted MTE by the one-step 

parabolic band photoemission simulation is shown by the solid red line in Figure 5.16, which 

is clearly in very good agreement with the experimental data for excess energies less than ~1.0 

eV (ħω < 4.8 eV).  
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Figure 5.16: Mean transverse energy of emitted electrons from W(001) as a function of incident 

UV photon energy (ħω): Experimental solenoid scan measurements (data points); theoretical 

MTE evaluated from the one-step photoemission simulation for Band 1 (solid black line) and 

Band 2 (black dot-dashed line) and Band 0 (black dot-dot-dashed line); total simulated MTE 

for W(001) emission (solid red line).  The vertical dotted line indicates the measured 3.78eV 

work function. 

 

For excess energies higher than 1.0 eV (ħω > 4.8eV), the one-step photoemission 

simulation also clearly captures the observed suppression of the linear trend of the MTE with 

E.  This is to be expected since Bands 0 and 1, with their minima 0.8-0.9eV below the Fermi 

level, dominate the photoemission due to the fact that their combined density of states is at 

least an order of magnitude larger than that of Band 2 which has a significantly lower transverse 

effective mass.  As a result, and in agreement with the one-step photoemission simulations 

shown in section 2.5.2 of chapter 2, the MTE trend with excess photoemission energy is 

flattened.  The theoretically predicted MTE suppression is however somewhat stronger than 

that measured.  This is likely due to the fact that a transverse parabolic dispersion is not a 
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perfect fit for the emitting bands (Figure 5.12). Nonetheless, the agreement between the 

simulation and the experiment is quite respectable. 

Although the one-step photoemission simulation employing the cylindrical parabolic 

band approximation is in better agreement with experiment for W(001) than Mo(001), it is 

clear that better representations for the E(p) band dispersions are needed.  In chapters 6 and 7, 

I will introduce an alternative analytical fit function to describe the emitting band dispersions.  

I also note that for completeness I have included in appendix C the measured spectral 

dependence of the MTE and QE for other bcc single-crystal metal photocathodes (W(111) and 

Ta(001)) for which a full analysis using the one-step photoemission simulation has not been 

completed.  
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CHAPTER 6 

6 Hf(0001)/HfO2 PHOTOCATHODE 

 

In this chapter, I will present a spectral analysis of the photoemission characteristics of 

a single-crystal Hafnium (Hf) photocathode oriented for photoemission perpendicular to the 

basal plane of its hexagonal close-packed (hcp) crystal structure.  Ab initio density functional 

theory (DFT) calculations indicate that Hf(0001) should be a low emittance [102] photocathode 

material due to the low transverse effective mass of the emitting electronic band restricting the 

transverse momentum of the photo-emitted electrons [103] and thereby their MTE.  This 

expectation is borne out by my experimental studies which indicate an asymptotic linear 

dependence of the MTE on the excess photoemission energy E that is significantly lower than 

the ΔE/3 trend predicted by Dowell and Schmerge [11,18,27] provided that oxide layer native 

to Hf is removed.  In the presence of the Hafnia surface layer, the Hf(0001)/HfO2 photocathode 

also exhibits emission from known defect states (mainly oxygen vacancies [104,105]) in the 

~10Å oxide layer.  The spectral dependences of the MTE due to electron emission from both 

the bulk metal band states and the oxide defect states are consistent with a one-step 

photoemission simulation that includes the physical properties (density of states and 

dispersion) of both the emitting and vacuum recipient states [20,25].  For the oxygen vacancy 

defect states in HfO2, the local density of the emitting bulk band states employed for the single-

crystal Rh(110) (chapter 4), Mo(001) and W(001) (chapter 5) metal photocathodes is replaced 

in the one-step photoemission simulation by the momentum-space probability density of 

hydrogen-like 1s electronic states used to model the defect states, as detailed in the Appendix 

D.   
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6.1 Ab initio calculations for Hf 

 

6.1.1 Band structure  

 

As was the case for Rh (chapter 4) and Mo and W (chapter 5), the DFT evaluations for 

Hf again include full relativistic effects, with spin-orbit coupling incorporated during the plane 

wave self-consistency iterations; that is to say, a fully relativistic pseudopotential within the 

generalized gradient approximation (GGA) [63] is employed.  For the DFT calculation of the 

bulk Hf crystal, the electronic wave function is described by a plane-wave basis set with an 

energy cut-off of 55 Ry, and the energy cut-off for the charge density is set to 400 Ry.  A 

threshold of 10-2 Ry for the ground state energy is used, and a sampling of 200 Monkhorst-

Pack special k-points along the primary crystallographic directions [57] and a Marzari-

Vanderbilt smearing [64] with a broadening of 0.01 Ry is employed.  The resulting DFT 

evaluated hexagonal crystal structure for Hf (at effectively 0K) has lattice constants a = 3.1452 

Å, and c = 5.075 Å, which is within 2% of the measured value at 300 K [106,107]. Figure 6.1 

shows the relevant portions of the band structure of Hf for photoemission in the (0001) crystal 

direction (Γ – A) and perpendicular directions (Γ – K and Γ – M) calculated using the DFT 

evaluated crystal parameters. For convenience, the Fermi level depicted by the horizontal line 

is set to zero energy.   

 

6.1.2 Work function of Hf(0001) 

 

The work function for clean Hf(0001) photocathode surface was evaluated using the 

thin-slab technique [11,68] in which the (0001) crystal surface is simulated with 0.01 Ry 

Gaussian spreading and fully relativistic pseudopotentials [63]. To ensure sufficient accuracy 
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in the calculation, the vacuum thickness is enlarged from 10 to 20 Å and the (11) supercell 

thickness (n) is increased from 6 to 10 atomic layers together with the nn1 Monkhurst-Pack 

points [57] so that the work function value converges to within ±50 meV.  The value of Hf(0001) 

= 4.36(±0.05) eV extracted from this calculation, which is indicated by the dashed horizontal 

line in Figs. 6.1(a) and (b), is consistent with our prior evaluated value of  4.51(±0.21) eV for 

Hf(0001). 

 

6.1.3 Emission band characteristics 

The first step in a first-principles analysis of photoemission from crystalline 

photocathodes within the one-step model [16] is the identification and characterization of the 

occupied states below the Fermi level from which photo-emitted electrons can originate [11].  

Prior DFT calculations of the band structure of Hf [107,108] have indicated that the primary 

electron source for one-step bulk photoemission from this hcp metal will be from a low 

effective mass hole-like band that crosses the Fermi level and is centered at the  point of the 

Brillouin zone. My Ab initio band structure calculations of crystalline Hf agrees with this 

assessment. The band structure evaluation indicates that only one band (the lowest band in 

Figs. 6.1(a) and (b)) is expected to contribute strongly to photoemission from Hf(0001) for 

excess photoemission energies  less than ~1 eV.  For such  values, this emitting band 

state centered on the  point of the Brillouin zone may be well approximated (in the vicinity 

of and just below the Fermi level) by a dispersion of the form  

 𝐸(𝐩) = 𝐸0 + 𝑎𝑍𝑐𝑜𝑠[𝑏𝑧(𝑝𝑧 − 𝑝0)] + ∑ 𝑐𝑛𝑝𝑇
2𝑛

𝑛 , 6.1 
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where pz and pT are the longitudinal (Γ – A) and transverse (Γ – K and Γ – M) momentum 

directions respectively, and E0, az, bz, p0, and the transverse power series coefficients cn are 

fitting parameters. 

       

Figure 6.1: The relevant band structure of Hf, evaluated including relativistic effects and spin-

orbit coupling, for photoemission in the (0001) crystal direction (Γ – A) with the Fermi energy 

set to zero (horizontal line): (a) Overview of the band structure in the reduced zone scheme for 

the Γ – A emission direction and (b) the perpendicular directions (Γ – K and Γ – M) with the 

Ab initio evaluated 4.36 eV work function (i.e. the vacuum level) indicated (horizontal dashed 

line).  (c) The primary Γ – A emission band with the employed longitudinal sinusoidal fit shown 

(dashed red line).  (d) Transverse dispersion of the primary emission band at the Fermi level 

(red dot) in the Γ – A direction with the employed (pT)2 series fit (dashed red line).   
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In the longitudinal Γ − A emission direction with momentum pz, the sinusoidal fit to the 

DFT evaluated band dispersion is quite accurate (dashed red line in Figure 6.1(c)) and indicates 

a longitudinal effective mass for this band in the vicinity of the Γ point of 𝑚𝑧 = −(𝑎𝑧𝑏𝑧
2)−1 ≈ 

−0.47m0.  Figure 6.1(d) also shows the good fit (red lines) to the band dispersion in the 

transverse (Γ – K and Γ – M) directions with momentum pT, using a power series up to n = 3.  

The displayed fit originates at the Fermi level at pT = 0 (red dot in Figure 6.1(c) and (d)) and 

extends to pT = 1.4(m0.eV)1/2 which, due to the hole-like transverse dispersion, corresponds to 

a band state that would require an excess photoemission energy of about 2.3 eV for emission – 

a transverse energy of 1.0 eV plus 1.3 eV to lift the electron to the Fermi level.  Around the 

Fermi level, the first term in the power series fit indicates a transverse effective mass roughly 

a factor of two less than the free electron mass; that is 𝑚𝑇 = (2𝑐1)
−1 ≈ −0.46m0.  The 

parameters employed for the band dispersion fit of equation (1) are listed in Table IV using 

units of electron volts (eV) and the free electron mass m0.   

The band structure for Hf displayed in Figure 6.1 indicates that the next highest bulk 

band, which remains above the Fermi level in the Γ – A direction, but also has transverse hole-

like dispersion, could contribute to photoemission at excess photoemission energies of greater 

than about 0.4eV – corresponding to emission from states at the Fermi level and near the A 

point of the Brillouin zone with transverse momenta of greater than 0.8(m0.eV)1/2. However, 

the quantum efficiency of emission from these states is expected to be much less than that of 

the main emission band that does cross the Fermi level in the Γ – A direction (i.e. has emitting 

states with zero transverse momentum), implying that this next highest bulk band will not 

contribute significantly to the total MTE or QE of electron emission.  This band alignment for 

Hf is in contrast to that in both hcp Ti and Zr (the other two elements of IUPAC Group 4) 
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where this second band will contribute to photoemission from (0001)-oriented crystals as it 

crosses the Fermi level in the Γ – A direction [109].   

Table IV: Band dispersion parameters for the primary bulk emission band of Hf(0001) 

 

Fit parameter  

E0 0.0088 eV 

az 0.3566 eV 

bz 2.444 (m0.eV)-1/2 

p0 −0.0411 (m0.eV)1/2 

c1 −1.078 

c2 0.2655 

c3 −0.03154 

 

Photoemission from the primary bulk electron band state crossing the Fermi level in 

the Γ – A direction is therefore expected to be a one-step process since the evaluated Hf band 

structure in Figure 6.1 shows that there are no (intermediate) electronic band states 4-5 eV 

above the Fermi level around the  point of the Brillouin zone.  Accordingly, in this chapter, 

the experimental measurements of the spectral dependence of the MTE are compared with the 

one-step photoemission model outlined in W. A. Schroeder and G. Adhikari, New J. Phys. 21, 

033040 (2019), employing the cylindrical band dispersion approximation of equation 6.1 with 

the parameters listed in Table IV. As discussed in chapter 3, this photoemission simulation 

includes the local density of states of both the emitting band states and the recipient vacuum 

states, sets the occupation of the initial band states at an electron temperature Te = 300 K using 

the Fermi-Dirac distribution, and employs transverse momentum conservation in the electron 

emission [10].  



 

 

 

91 

6.2 Spectral MTE measurements for Hf(0001) 

 

Figure 6.2: Mean transverse energy (MTE) of emitted electrons from polished Hf(0001) as a 

function of incident photon energy for an effective work function of 3.35 eV (thin vertical line): 

Experimental solenoid scan measurements (black data points); theoretical MTE evaluated from 

a one-step photoemission simulation for Hf(0001) at 300 K (red line); MTE = ΔE/3 [18] (dotted 

line); and the MTE evaluated from a one-step photoemission simulation for an electron-like 

bulk emission band with mT = mz =m0 [20] (dot dashed line).   

 

The spectral dependence of the experimentally extracted MTE for the single-crystal 

Hf(0001) photocathode polished to remove the surface oxide layer is shown in Figure 6.2.  The 

measured MTE clearly exhibits the increasing linear dependence of the MTE on excess 

photoemission energy E expected for a bare metal photocathode (black data points), except 

that the dependence is inconsistent with the 
1

3
∆𝐸 variation derived by Dowell and Schmerge 

(dotted line) [18].  Instead, the MTE increases more slowly with excess photoemission energy, 

approximately as 0.2E.  This is a direct consequence of the dispersion of the primary bulk 

emission band (Figure 6.1); specifically, the fact that the magnitude of the transverse effective 

mass of the hole-like emission band is significantly less than the free electron mass m0 restricts 
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the available bulk band states in the transverse momentum direction that may photo-emit for a 

given excess energy E [9].  In fact, our one-step photoemission model [20] employing the 

band dispersion parameters listed in Table IV (solid red line in Figure 6.2) closely follows the 

measured trend of the MTE with E.  Thus, this MTE measurement and its theoretical 

verification provide direct evidence supporting the assertion that a reduction of the transverse 

effective mass of the bulk emission band below m0 can result in lower intrinsic emittance (i.e. 

MTE) photoelectron sources.  In this case, the MTE reduction is approximately by a factor of 

two for incident photon energies above 4.0 eV – the difference, in Figure 6.2, between the solid 

red line of the Hf(0001) emission simulation and the black dot-dashed line representing one-

step photoemission from an electron-like bulk band with mT = mz = m0 into the vacuum states 

[20]. 

 

The displayed theoretical fit to the experimental data for the polished Hf(0001) 

photocathode in Figure 6.2 has only one free parameter, the work function Hf(0001).  It suggests 

Hf(0001) = 3.35 eV (thin vertical line), which is 1 eV lower than our evaluated value of 

4.36(±0.05) eV for a clean Hf(0001) surface, indicating that a thin 1-2 ML of oxide is likely to 

have quickly formed on the photocathode surface after the polishing and prior to being placed 

under vacuum.  It is interesting to note that this reduction due to ML oxide formation is 

somewhat larger than the ~0.5 eV experienced with main line transition metals (e.g. Mo [97] 

[98]), but is consistent with the larger difference in electronegativity between Hf and O 

[110,111] which is expected to result in a larger surface dipole induced reduction in the work 

function.  

The strong band dispersion in the longitudinal direction (associated with a longitudinal 

effective mass mz less than m0) implies that the local density of states of the emitting bulk band 

for Hf(0001) is relatively low, which results in a reduced QE for the photoemission process.  
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As a result, MTE measurements could not be performed for photon energies below ħω  3.8 

eV where the QE falls below the ~10-9 detection limit of our solenoid scan experiment.     

6.3 Spectral MTE measurements for Hf(0001)/HfO2 

 

The measured spectral dependence of the MTE for the ‘as delivered’ (oxidized) 

Hf(0001)/HfO2 photocathode (data points in Figure 6.3) is clearly quite different; evidently, 

the ~10 Å thick surface oxide layer affects the photoemission properties of the single-crystal 

metal photocathode.  In particular, at low photon energies the MTE is relatively constant at 200 

meV and only starts increasing for ħω > 4.4 eV – roughly the photon energy at which the MTE 

from the polished Hf(0001) photocathode also reaches 200 meV (Figure 6.2).  This suggests 

that there are two contributions to photoemission from Hf(0001)/HfO2; one from the oxide 

layer dominating at low photon energies and the second from the underlying metal prevailing 

at high photon energies.  Such an interpretation is consistent with the known UV absorption of 

Hafnia [105], which would allow significant penetration of 3.0-5.3 eV light through a ~10 Å 

oxide layer to the metal, and the known defect states in HfO2, mostly oxygen vacancies [104]. 

The latter reside approximately between 1 and 1.5 eV below the conduction band of Hafnia 

[104] which has an electron affinity of ~2 eV [112], and so are expected to emit (if even 

partially populated) for photon energies above their 3 to 3.5 eV effective work function – in 

agreement with the experimental observations (Figure 6.3).   
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Figure 6.3: Mean transverse energy (MTE) of emitted electrons from the ‘as delivered’ 

Hf(0001)/HfO2 as a function of incident photon energy for an effective work function of 

3.35eV (thin vertical line): Experimental solenoid scan measurements (black data points); 

theoretical MTE evaluated from a one-step photoemission simulation for Hf(0001) at 300K 

(thin black line from Fig. 6.2); the MTE evaluated for a 1s hydrogen-like defect state with a 

characteristic width p = 0.54(m0.eV)1/2 (black dashed line); and the theoretical QE-weighted 

summed MTE for dual metal (Hf(0001)) and oxide layer (HfO2) photoemission (solid red line).   

 

To illustrate the proposed dual photoemission contributions from a Hf(0001)/HfO2 

photocathode, in Figure 6.3 the theoretical spectral dependence of the MTE for Hf(0001) (thin 

black line, from Figure 6.2) plotted and that evaluated for a 1s-like hydrogenic defect state in 

HfO2 (dashed black line), both for the same 3.35 eV work function.  The emission model for 

the defect state, outlined in the Appendix D, is a modification of the existing band-based one-

step photoemission simulation that replaces the band states (and their dispersion) by a single 

state with (i) an energy width of 0.1 eV (half-width e-1 maximum) to simulate the known energy 

distribution of oxygen defect states in HfO2 [105], (ii) a characteristic momentum width of Δp 

= 0.54 (m0.eV)1/2 (see Appendix) for the 1s state momentum distribution (the modulus square 
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of the momentum-space wave function), and (iii) a 300 K Fermi-Dirac function centered on 

the defect state energy (with a Fermi energy at the 3.35 eV work function below the vacuum 

level) to simulate the population distribution amongst the oxygen vacancy states.  As shown 

by the dashed line in Figure 6.3, these defect state properties generate a relatively constant 

215(±5) meV MTE value for the emitted electrons at incident photon energies greater than 3.7 

eV (ΔE > 0.35 eV), where the excess photoemission energy is sufficient to emit almost the 

entire energy-momentum distribution of the 1s defect state.  More importantly, this choice of 

parameters for the oxygen vacancy states in HfO2 is consistent with the observed spectral 

dependence of the MTE for the Hf(0001)/HfO2 photocathode when their emission is combined 

with that from the underlying metal. Specifically, since the two one-step photoemission 

simulations for emission from the Hf band states and the HfO2 defect states also provide a 

relative (but not absolute) QE as a function of the excess energy, a QE-weighted total MTE 

from the two independent electron emission sources can be constructed: 

 

 𝑀𝑇𝐸𝑡𝑜𝑡𝑎𝑙 =
𝑄𝐸𝐻𝑓𝑀𝑇𝐸𝐻𝑓 + 𝑥𝑄𝐸𝐻𝑓𝑂2𝑀𝑇𝐸𝐻𝑓𝑂2

𝑄𝐸𝐻𝑓 + 𝑥𝑄𝐸𝐻𝑓𝑂2

 , 6.2 

 

where x is the fraction of emission from the oxide relative to the metal when the QE from both 

emission sources is set to unity at zero excess energy (i.e. ΔE = 0).  The red curve in Figure 6.3 

is a fit to the Hf(0001)/HfO2 photocathode MTE data (black data points) using a constant value 

of x = 0.07 for all incident photon energies.  The normalized theoretical quantum efficiencies 

employed in Equation 6.2 for the metal (𝑄𝐸𝐻𝑓) and defect states in the oxide (𝑄𝐸𝐻𝑓𝑂2
) are 

shown on a log-log plot in Figure 6.4 as a function of the excess photoemission energy, ΔE.  

For ΔE > 0.1eV ( 4kBT where kB is Boltzmann’s constant and T = 300K is the photocathode 

temperature), the QE of Hf(0001) (black circles) can be accurately fitted to the equation 𝑄𝐸𝐻𝑓= 

A.(ΔE)2.2, where A is a constant (solid line).  This is to be contrasted to the (ΔE)2 dependence 
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derived by Fowler [30] and DuBridge [26] (dashed line) – analyses that do not include the local 

density of states of either the emission (metal) or recipient (vacuum) states.  The slight 

deviation of 𝑄𝐸𝐻𝑓 from the (ΔE)2.2 dependence observed for ΔE greater than about 0.7 eV is 

due to dispersion (i.e., minimum) of the emission band in the Γ→A direction (see Figure 6.1).  

In contrast, the evaluated spectral dependence of the QE of the modeled 1s defect state in HfO2 

(open circles) effectively saturates for ΔE > 1 eV, allowing the electrons emitted from the Hf 

metal to dominate the total MTE at high photon energies (Figure 6.3).  At lower excess 

energies, the rate of increase of the QE with ΔE are comparable for Hf(0001) and the defect 

state in HfO2, so that the higher MTE from electrons emitted from the oxide layer dominates. 

The value of x has no real physical meaning in the displayed fit to the experimental MTE 

measurements as the number density of populated defect states in the native oxide layer on the 

single-crystal Hf(0001) photocathode is unknown; as a result, the density of emitting defect 

states cannot be directly compared to the local density of states of the emitting metal band 

states.   
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Figure 6.4: The quantum efficiency (QE) as a function of excess photoemission energy (ΔE) 

evaluated using our one-step photoemission simulation for Hf(0001) (black points) and a 

hydrogenic 1s-like defect state in HfO2 (open circles).  Both sets of data are normalized to unity 

at ΔE = 0.  The Hf(0001) QE closely follows a (ΔE)2.2 dependence (red line), but is not 

consistent with the (ΔE)2 trend predicted by Fowler [30] and Dubridge [26] (dashed line).   

 

The good agreement between the experimental data and the described two-component 

theoretical fit illustrated in Figure 6.3 implies two important conclusions.  First, as a constant 

fitting value of x is sufficient, the wavelength-dependent complex refractive index of both the 

oxide and the metal do not appear to strongly influence the MTE of the emitted electrons.  This 

is to be expected since the ~10 Å thickness of the HfO2 oxide layer is much smaller than both 

the UV absorption depth [104] (for the 3.2-5.3 eV experimental spectral range) and all the 

incident UV wavelengths, implying that there should no significant change in the incident UV 

radiation intensity (e.g. due to interferometric effects) over the oxide layer thickness.  Second, 

the MTE of the electrons emitted into the vacuum from the underlying Hf metal is not affected 
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by the intermediate oxide layer; that is, ~10 Å of HfO2 is too thin to allow for significant 

scattering effects or energy-dependent recombination during the time-of-flight of the photo-

emitted electrons in the oxide layer.  In other words, the employed one-step photoemission 

model [20] is appears to be valid even though it effectively requires the virtual excited 

electronic state in the metal to couple coherently through the oxide layer to a vacuum state for 

all excess photoemission energies. This view is consistent with recent results obtained for 

negative electron affinity (NEA) GaAs-based spin-polarized photocathodes where the 

employed ~2nm Cs2Te surface coating to attain NEA performance did not affect the fidelity of 

the spin-polarized electron output [113]. 

 

It is interesting to note that the characteristic momentum width Δp used to simulate the 

oxygen defect states in the HfO2 layer corresponds to an effective Bohr radius of the 1s state 

of 5.1 Å, which is significantly larger than the ~2 Å Hf-O bond length in any isomorph of HfO2 

[114].  As a result, the electric field experienced by the electron in the 1s state bound to the 

positively charged center of the oxygen vacancy will be the Lorentz local field, from which a 

value of 27 extracted for the relative dielectric constant of HfO2 – a value that is consistent 

with prior measurements [27].  The effective diameter of the 1s defect state is also comparable 

to the expected ~12 Å thickness of the oxide layer on the ‘as delivered’ polished Hf(0001) 

photocathode, implying that quantum confinement effects perpendicular to the Hf(0001)/HfO2 

photocathode surface may play a role.  This possibility has not been included in the 

photoemission analysis, which assumes a spherically symmetric bulk 1s state wave function, 

and it should not have a significant effect since it is the transverse momentum distribution of 

the defect state wave function that primarily determines the MTE. 
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6.4 Summary 

 

The presented analysis of the spectral MTE measurements for both the Hf(0001) and 

Hf(0001)/HfO2 photocathodes support two definite conclusions.  First and foremost, the 

agreement between our band-based one-step photoemission simulation and the spectral 

dependence of the MTE data obtained for the polished Hf(0001) photocathode clearly indicates 

that emission from bulk electronic states with dispersions characterized by transverse effective 

masses with a magnitude less than the free electron mass m0 results in MTE values significantly 

less than the  
1

3
∆𝐸 variation of Dowell and Schmerge [18] (Figure 6.2).  This result is therefore 

consistent with expectations that bulk emission bands with dispersions, transverse to the 

emission direction, stronger than that of the vacuum states will restrict the possible transverse 

momenta of the photo-emitted electrons and thereby reduce a photocathode’s intrinsic 

emittance (i.e., MTE) [9,20].  Further, the result then provides criteria for the discovery of (or 

search for) solid-state photocathodes with (ultra-)low emittance using Ab initio techniques.  

Ideally, to improve the QE over that of Hf(0001), the effective density of emitting states should 

be increased by employing either a band state with a large longitudinal effective mass or 

multiple low effective mass emission bands.   

 

Second, the comparison and corresponding analysis of the spectral MTE measurements 

of the in-house polished Hf(0001) and as-delivered Hf(0001)/HfO2 photocathodes strongly 

suggests that thin (~10 Å or less) oxide layers will not necessarily deleteriously affect the 

emission properties of the oriented single-crystal photocathodes selected to provide low 

intrinsic emittance.  Surface oxide layers with a thickness of the order of a mono-layer may not 

have a sufficient density of populated states to overcome the stronger photoemission from the 

bulk band states – as appears to be the case for Rh (110) [25] (chapter 4) and likely also for the 
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polished Hf(0001) photocathode studied here.  As the oxide thickness increases, emission from 

occupied electronic states in the oxide layer becomes more prominent and will likely dominate 

the MTE at low excess photoemission energies due to their quantum properties, such as the 

size in momentum space of the wave function associated with the oxygen vacancy defect states 

in HfO2.  Perhaps more importantly, the dipole generated at the metal-oxide interface reduces 

the effective work function of metal photocathodes, potentially simplifying the requirements 

for the UV laser radiation source.  For Hf(0001) at 300 K the work function is reduced by ~1 

eV to 3.35 eV, thus allowing the ~3.5 eV third harmonic of ~1 μm laser radiation sources (e.g. 

Nd:YAG and Yb:fiber) to be used – our analysis indicating that the MTE of the resultant 

electron source to be 50-120 meV depending on relative emission strengths of Hf(0001) and 

the HfO2 layer on the photocathode.   

 

The theoretical portion of the analysis has also presented a means by which the 

employed one-step photoemission simulation from electronic band states can be amended to 

handle fixed energy states; in particular, hydrogenic 1s-like states associated with defects and 

dopants, etc. (Appendix D). In general, and in keeping with the modeled oxygen defect state in 

HfO2, photoemission from such populated electronic states is shown to produce a relatively 

constant MTE when the excess energy is sufficient to allow for the emission of most of the 

transverse momentum distribution of its quantum state.  This constant MTE at ΔE > 0.5 eV is 

shown to be consistent with the high dielectric constant of HfO2.   
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CHAPTER 7 

7 SINGLE CRYSTAL Cu PHOTOCATHODE 

 

In this chapter, I will present the data obtained during a short-term research project at 

the Lawrence Berkeley National Laboratory (LBNL) that has contributed significantly to our 

overall understanding and practical implementation of metal photocathodes. In this case, the 

spectral characterization of single-crystal Cu photocathode in a UHV (Ultra High Vacuum) 

(~10
-10

torr) vacuum chamber with a 250-280nm (4.43-4.96eV) UV radiation source based on 

a Ti: Sapphire laser system.  These experimental studies required UHV conditions and the 

surface cleaning processes available with the LBNL photocathode characterization system due 

to the high chemical reactivity of Cu[115]; specifically, to avoid photoemission from electronic 

states in copper oxide surface layers. Amongst the primary crystal faces of Cu, only Cu (100) 

is found to be a good single-crystal photocathode material in the 260-270nm wavelength range, 

which includes the fourth harmonic of Nd:YAG lasers. In the first section of the chapter, I 

briefly explain the experimental setup and the experimental method used to measure both the 

MTE and QE, and then I compare experimental data with theoretically obtained values using 

the same photoemission simulation method employed in chapters 4 and 6. 

 

As the photocathode characterization system at LBNL also has the capability to cool 

the photocathode samples to cryogenic temperatures, two sets of measurements will be 

presented: one at room temperature (300K) and another at 35K after cooling using liquid 

helium.  Lowering the temperature of a metal photocathode will curtail emission from the 

Boltzmann tail of the electron distribution and thereby offers a means to reduce the MTE of 
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emission near the photoemission threshold (i.e. E  0), albeit at the likely expense of a 

significantly reduced QE. 

 

7.1 Experimental Setup 

 

7.1.1 Experimental chamber and Laser system 

 

The experimental chamber at LBNL has two parts; the sample preparation chamber and 

the characterization instrumentation. A full description of the experimental system can be 

found in Corin Greaves’s thesis[116].  As the LBNL photocathode characterization system 

detects low kinetic energy electrons emitted from the photocathode surface, the vacuum quality 

and residual electric and magnetic characterize fields present in the experimental chamber are 

important factors to consider. The UHV chamber is built using a custom three-level Mu-

Metal[116]. A Load Lock Transfer Port is used to introduce samples into the analysis chamber 

on the sample preparation level, and an axially mounted 3-axis sample manipulation is used to 

capture the sample[116]. At the sample preparation level, sample cleaning by Ar+ ion 

sputtering and sample annealing (i.e. heating), and surface analysis via Low Energy Electron 

Diffraction (LEED) (ErLEED 150, LaB6 Cathode)[116] and Auger spectroscopy are 

conducted. Thereafter, the sample is transferred vertically down to the characterization 

chamber. UV transmitting sapphire viewports (Kurt J, Lesker VPZL-275S) are used in the 

analysis level for optical analysis of the sample as well as in the Time of Flight  (ToF) detector 

head[116]. The pumping level of the chamber houses the Turbo and Ion pumps, non-evaporable 

getters, roughing valve, nitrogen leak valve, and Ion and Piriani gauges[116]: After a full bake 

at 120 C for 72 hours, the chamber is capable of reaching base pressure of 210-10 Torr.  
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Figure 7.1: Photocathode characterization laboratory. The analysis chamber, laser system, 

control electronics rack, and transfer magnetic arm are visible. (b) Photograph of the 

experimental chamber from the LEED port side (preparation level). The analysis level is below 

the LEED port. 

 

Figure 7.2: Schematic diagram of laser system and the characterization chamber[116]. 

 

The 4.2-4.9 eV UV photon energies for the photocathode characterization system[117] 

are provided by a wavelength-tunable, frequency-tripled, ∼150 fs pulse-width, Ti-Sapphire 

(a) (b) 
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oscillator (Coherent MIRA) pumped by a 10 W 532nm Coherent Verdi CW laser. An acousto-

optic pulse picker (Coherent model 9200) was used to decrease the 76MHz repetition rate of 

the Ti:sapphire laser to 3.8 MHz in order to stay below the maximum trigger rate of the delay-

line-detector. To minimize the effects of the photon energy spread on the measurements, the 

spectral width of this tunable sub-picosecond UV radiation source was reduced to ∼1.5 meV 

using a diffraction grating-based monochromator. The photon energy could be tuned with an 

accuracy of 15 meV. 

 

The electron energy and position analyzer comprise of the sample, and a delay-line-

based ToF detector arranged in a parallel plate configuration with a separation of ∼ 4 cm. The 

sub-picosecond UV laser pulse is focused onto the sample with an incident energy low enough 

to ensure that no more than one electron is emitted per pulse. The emitted electron is accelerated 

towards the detector by an accelerating voltage of a few volts. The ToF detector measures the 

transverse position of the electron striking the detector and the time of flight of the electron 

from the sample to the detector. These measurements can be used to infer the transverse and 

longitudinal momentum of the electron at the time of emission and, consequently, the total 

energy and transverse momentum distributions.  Further details of this setup are given 

elsewhere[117].  

 

7.1.2 Experimental procedure 

 

For this work, an atomically clean and ordered Cu (100) surface was prepared by 

performing repeated ion-bombarding and annealing cycles on a commercially purchased (to 

mirror-like finish), single-crystal Cu (100) sample. 1 keV Ar+ ions were used for ion-

bombarding while annealing was performed at 600◦C for 30 minutes in an ultra-high vacuum 
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(UHV) chamber with a base pressure in the low 10−10 torr range. The ion-bombarding and 

annealing cycles were performed until a sharp low energy electron diffraction (LEED) pattern 

of the (100) surface was obtained (Figure 7.3), and Auger Electron Spectroscopy (AES) 

showed the surface to be free of carbon and oxygen contaminants. 

  

 

 

Figure 7.3: LEED image obtained for Cu (100) surface after cleaning the surface. 

 

The sample was then transferred in UHV into a time-of-flight (ToF) based energy 

analyzer capable of measuring 3-D electron energy distributions of milli-eV energy scale 

electrons[117]. Two accelerating voltages of 8 V and 4 V between the sample and the detector 

were used for the measurements. The transverse position of the electrons on the detector and 

the time of flight was used to obtain the transverse momentum distributions. Both values are 

directly measured by the detector. The MTE is calculated from these transverse distributions. 

The MTE values obtained at 8V and 4 V accelerating voltages are identical within the 
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experimental uncertainty, indicating that the effect of stray fields on the MTE measurement is 

negligible[27].  

 

Obtaining the longitudinal momentum of the emitted electrons from the time of flight 

measurement requires a detailed calibration of the work function difference and distance 

between the sample and the detector. A calibration was performed to ensure that the 

longitudinal momentum distribution does not change with the voltage applied between the 

sample and the detector, and that the energy of the Fermi edge in the total energy distribution 

increases with increasing photon energy. The details of the calibration procedure are given 

elsewhere[117]. The calibration procedure gave a detector-sample distance of 40.3±0.1 mm 

and the work function difference of 360±10 meV. These values were used to obtain the 

longitudinal momentum distributions and the complete total-energy- transverse-momentum 

distributions. All the measurements could also be performed while the sample was cooled to 

35 K using a continuous flow liquid helium cryostat connected to the sample holder[27].  
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7.2 Band structure of Copper 

 

 

 

 

 

 

 

 

 

Figure 7.4: Cu crystal structure; FCC structure with an optimized lattice constant a = 3.5719 

Å. The right panel is the top view, and the left panel is the 450 rotated view with (001) plane 

indicated. The unit cell contains 4 atoms. (1/8*8 for corners and 1/2*6 on the face) 

 

The DFT calculations of the band structure (and work function) for the bulk Cu crystal, 

include full relativistic effects, with spin-orbit coupling included during the plane wave self-

consistency iterations.  That is to say, a fully relativistic pseudopotential within the generalized 

gradient approximation (GGA)[63] was employed, and the electronic wave function is 

described by a plane-wave basis set with an energy cut-off of 55 Ry.  In addition, the energy 

cut-off for the charge density is set to 320 Ry, a threshold of 10-6 Ry for the ground state energy 

is used, and a Marzari-Vanderbilt smearing[64] with a broadening of 0.08 Ry is employed.  

The resulting DFT calculated face-centered cubic crystal structure for Cu has a lattice constant 

a = 3.5719 Å, which is within 2% of the experimental value[118]. The crystal structure 

obtained using the optimized lattice constant is shown in Figure 7.4.  Figure 7.5 shows the Cu 

band structure calculated along the k-path 
Δ
→ X

𝑍
→ W

Q
→ 𝐿

∧
→ 

Σ
→ K in the first Brillouin zone, 

where , Z, Q, , and , are symmetry lines with lengths are  X = 2𝜋 𝑎⁄ , L = √3𝜋 𝑎⁄ , and 
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K = 3𝜋 √2𝑎⁄ . For convenience, the Fermi level depicted by the horizontal dashed line is set 

to zero energy. My electronic band structure is identical to that evaluated by G. Burdick[119].  

 

 

Figure 7.5: Cu band structure along with high symmetry points. The horizontal line at 0 eV 

represents the Fermi level. → X is the (001) crystal direction, and →K is the (110) crystal 

direction. 

 

Due to the conservation of energy and transverse momentum, only electrons close to 

the Fermi level crossing in the Γ − X direction can be emitted from the Cu (100) surface when 

the photon energies are within a few 100 meV of the threshold. The transverse momentum of 

emitted electrons along the Γ − X direction is zero for the Cu (001) face.  However, electrons 

emitted from band states that are transverse to the Γ − X direction close to the Fermi crossing 

result in the non-zero MTE.  Moreover, it is important to note that there are no bulk states in 

the band-structure of Cu at the 4-5 eV work function energy[41] above this Γ − X Fermi 

crossing (Figure 7.5). Therefore, low excess energy electrons can only be directly emitted into 

the vacuum states through a one-step photoemission process.  Electrons near other Fermi level 

E
-E

f 
(e

V
) 

 X W L  K 



 

 

 

109 

crossings or other locations on the Fermi surface, not close to the Γ−X Fermi crossing, have 

too large of a transverse momentum to satisfy both the conservation of energy and transverse 

momentum simultaneously in unassisted single-photon photoemission and hence cannot be 

emitted[27]. Within the photon energies we have used in this experiment and the band structure 

figure clearly indicates that there is no two-photon photoemission for Cu (100). 

 

As shown in Figure 7.6, the dispersion of the band states in the vicinity of the Γ−X 

Fermi crossing that contribute to one-step photoemission for Cu(001) are very well described 

by an analytical expression of the form 

 

  𝐸(𝑝) = 𝐸0 + 𝑎𝑧𝑐𝑜𝑠[𝑏𝑧(𝑝𝑧 − 𝑝0)] + 𝑐1𝑝𝑇
2 + 𝑐2𝑝𝑇

4,  7.1 

 

with the fitting constants E0 = 0.09491 eV, az = -1.474 eV, bz = 1.93 (mo.eV)-1/2, p0 = 3.237 

(mo.eV)1/2, c1 = 1.382 m0
-1, and c2 = -0.3844 (mo

-2eV-1) for the case where the Fermi energy is 

set to zero.  It is important to note that the analytical fit given by Equation 7.1 indicates that 

the inflection point of the longitudinal dispersion of this band is very close to the Fermi level; 

it is located at pz = 4.051(mo.eV)1/2 with the longitudinal Fermi momentum pfz = 

4.084(mo.eV)1/2.  As a result, the effective longitudinal electron mass, 𝑚𝑧 = (
𝜕2𝐸

𝜕𝑝2
)
−1

, becomes 

asymptotically large and thus will affect the quantum transmission (electron probability 

current) over the photoemission barrier (see Appendix A).  Nonetheless, within the parabolic 

band approximation successfully employed to explain the spectral dependence of both the MTE 

and QE from a Rh(110) photocathode[25] (see chapter 4), the band dispersion can be 

reasonably well approximated using E0 = -7.69eV, p0 = -1.266 (mo.eV)1/2, mz = 1.86m0, and mT 

= 0.39m0 in the expression 
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 𝐸(𝑝) = 𝐸0 +
(𝑝𝑧−𝑝0)

2

𝑚𝑧
+

𝑝𝑇
2

𝑚𝑇
,  

7.2 

 

where again the Fermi energy is set to zero.  The relatively low value of the transverse effective 

mass is due to a ‘bulge’ in the Fermi surface in the Γ − X direction, and its value is sensitive to 

relativistic pseudopotential and spin-orbit coupling parameter (Slater determinant[101]) used 

in the DFT calculation. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6: (a) Band structure of Cu along the Γ – X direction with the Fermi energy set to zero. 

The band structure includes parabolic dispersion fits (red dashed lines) to the emitting that 

crosses fermi level. (b) Band structure for Cu along transverse direction for emitting band. The 

red dashed lines indicate the parabolic fits used in effective mass calculation along transverse 

direction. 

 

The work function for a clean Cu (100) photocathode surface was also calculated using 

the thin-slab technique[68]. A Gaussian-spreading of 0.05 Ry, fully relativistic 
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pseudopotentials, and nn1 Monkhurst-Pack[57] k points were used in this DFT-based 

evaluation to obtain convergence within 0.05eV. A value of  = 4.74(±0.2)eV for the Cu(001) 

crystal surface was extracted which is within the range of the accepted value of  4.73(±0.21)eV 

for Cu(001)[41]. 

 

7.3 Room temperature measurements 

 

In this section, I describe the results of the room temperature (300K) spectral 

characterization of a Cu(001) single-crystal photocathode performed at LBNL. First, the results 

of the QE measurements will be used to extract the work function in order to set the energy 

scale for the comparison of the MTE with the one-step photoemission simulations employing 

different mathematical characterizations of the Γ-X emission band.  The following section 7.4 

analyzes the experimental data obtained at 35K.   
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7.3.1 Cu (001): Quantum Efficiency at 300K 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.7: Measured QE (data points) to the 0.3125 = (3.2)-1 power as a function of incident 

UV photon energy for a clean Cu (001) photocathodes at 300K: The one-step photoemission 

simulation fit to the experimentally measured QE (black data points). Parabolic dispersion 

relationship (equation 7.2) used in the chapter 4 using mT=0.39m0 (blue solid line) and 

mT=0.89m0 (black solid line) and the cosine fit (equation 7.1) relationship (red solid line)  and 

linear fit (black dashed line) to high excess energies for extraction of φ = 4.565 eV (thin vertical 

dotted line) 

 

Figure 7.7 (data points) together with the results of the one-step photoemission 

simulation employing both Equation (7.1) (red line) and the cylindrical parabolic band 

approximation of Equation (7.2) (blue and black solid lines).  As for Rh(110) (see Figure 4.3), 

the QE is raised in this case to the power of 0.3125 = 1/3.2 – the inverse of the power law 

dependence of the QE on the excess photoemission energy E predicted using the parabolic 

band approximation (Equation 7.2) – in order to extract a value for the work function of 

4.57(0.02)eV[41].  This experimental value for Cu(001) is at the bottom end of the range 
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predicted by my thin-slab calculation. More interesting is the fact that only the parabolic band 

approximation predicts the correct trend of the QE with incident photon energy measurement 

of the QE for the highest two photon energies was affected by electron loss due to beam size 

on the detector.  In fact, it is in very good agreement with the experimental measurements (data 

points) and illustrates the effect of the 300K Boltzmann tail in the electron distribution when 

ΔE is less than 0.1eV.  On the other hand, the spectral dependence of the QE simulated using 

Equation (7.1) (red line in Figure 7.7)is clearly not consistent with the experimental data even 

though it provides a better fit to the band dispersion.  The reason for this is still under 

investigation.  However, it is again evident that the QE does not increase as ΔE2 , as in prior 

photoemission analyses[18,19], which is due to the density of states of both the emitting bulk 

band and recipient vacuum states – the joint density of states for the one-step photoemission 

transition.   

 

7.3.2 Cu (001): Mean transverse energy at 300K 

 

Figure 7.8 displays the spectral dependence of the MTE for photoemission from 

Cu(001) at room temperature with the extracted 4.57eV work function value indicated by the 

thin vertical dotted line.  In this case, the one-step photoemission simulations for the near exact 

and approximate parabolic (red and dashed black lines) band dispersions (Equations 7.1 and 

7.2 respectively) are both quite inconsistent with the measured MTE values (data points).  Both 

of these simulations attain a limiting value at negative E of around 14meV, which is 40% 

larger than the value of (mT/m0)kBTe = 10meV that would be expected if density of states of 

both the emission bands and the vacuum were omitted[20]. They also both underestimate the 

MTE of electron emission by a factor of at least 2.  Indeed, as shown by the black line in Figure 

7.8, the experimental MTE data is a good fit to a one-step photoemission simulation when the 



 

 

 

114 

transverse effective mass is increased to 0.89m0 in the parabolic band approximation.  (The last 

data point at ħω = 4.83eV may be erroneous due to the difficulty of extracting an accurate value 

of the MTE for large electron beam spot sizes on the employed micro-channel plate detector.)  

The reason for this discrepancy is also currently under investigation: One can speculate that 

phonon scattering may be involved, especially surface photons, since they will be present for 

the pristine clean Cu(001) surface, but likely strongly suppressed in my Rh(110), Mo(001), and 

W(001) measurements due to the presence of a thin 1-2ML oxide.   

 

 

Figure 7.8: The Measured MTE (data points) as a function of incident UV photon energy for a 

clean Cu(100) photocathode at 300K: Black solid line is a zero free parameter one-step 

photoemission simulation including the vacuum density of states and using φ = 4.57eV (thin 

doted vertical line) and mT=0.89; Black dashed line represents the one-step photoemission 

simulation result using mT=0.39; Red solid line represents the simulation result using cosine 

fit (equation 7.1)  

 

 

7.4  Cryogenic Measurements 
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In this section, I discuss the experimental data obtained for the Cu(001) photocathode 

at 35K – the cryogenic temperature attained upon liquid Helium cooling as measured in the 

vicinity of the photocathode.  In addition to the QE and MTE measurements, the combined 

total kinetic energy and transverse momentum photo-electron distributions are presented for 

two incident photon energies to show that both a small MTE and a narrow kinetic energy 

distribution can be obtained at 35K close to the photoemission threshold.   

 

7.4.1 Cu (001): Quantum Efficiency at 35K 

 

The measured spectral dependence of the QE for the clean Cu(001) photocathode 

surface at 35K is shown in Figure 7.9 (data points) together with three sets of results from the 

one-step photoemission simulation normalized to the same value at ΔE = 0.  Again the QE is 

assumed to increase as (ΔE)n so that a plot of (QE)1/n against ħω −  generates a linear 

dependence for the extraction of the work function[51].  In this case, a value of n = 2.75 

generates the required linear dependence for the measured QE and the simulations employing 

Equation 7.1 (blue line) and the parabolic band approximation with mT = 0.89m0 (black line), 

allowing a value of Cu(001) = 4.33(±0.02)eV at 35K to be determined.  This work function value 

is less than that at 300K, which is counter intuitive since a real space reduction in crystal 

volume at a lower temperature increases the volume of the Brillouin zone in momentum space 

thus lowering the Fermi level and increasing the work function (assuming the vacuum energy 

level is constant).   
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Figure 7.9: Measured QE (data points) to the 0.3636 = (2.75)-1 power as a function of incident 

UV photon energy for a clean Cu (100) photocathodes at 35K: The one-step photoemission 

simulation fit to the experimentally measured QE (black data points). Parabolic dispersion 

relationship (equation 7.2) used in the chapter 4 using mT=0.39m0 (green solid line) and 

mT=0.89m0 (red solid line) and the cosine fit (equation 7.1) relationship (blue solid line)  and 

linear fit (black dashed line) to high excess energies for extraction of φ = 4.33 eV (thin vertical 

dotted line). 

 

The fact that the better analytical fit to the band structure (Equation 7.1) is now in better 

agreement with the experiment than at 300K (Figure 7.7) is likely due to the significantly 

reduced influence of the inflection point in the longitudinal dispersion of the emitting band; 

specifically, as the band inflection point is ~100meV above the Fermi level, substantially less 

electrons occupy states in the vicinity of this point at 35K.  On the other hand, the one-step 

photoemission simulations using the cylindrical parabolic band approximation of Equation 

(7.2) (green line on dashed black line) with mT = 0.39m0 does run through the data points, but 
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the (QE)1/n versus ħω −  dependence is not linear for n = 2.75.  As was the case for 300K 

(Figure 7.7), it requires n = 3.2 for the theoretical dependence to be linear for ΔE > 4kBTe [20].   

The one-step photoemission simulations also indicate that the QE near the 

photoemission threshold decreases by a factor of ~100 as the temperature is reduced from 300K 

to 35K due to the temperature dependence of the Boltzmann tail of the electron distribution in 

the emission band.  As a result, the QE falls below the ~10-8 detection limit of the experiment 

for ΔE < 0.  For ΔE values greater than ~0.1eV, the QE recovers to values close to that at 300K 

(Figure 7.7) as emission from the occupied band states below the Fermi level dominates.   

 

7.4.2 Cu(001): Mean transverse energy at 35K 

 

The expectation that decreasing the photocathode temperature will allow for a reduction 

in the MTE of electrons emitted near the photoemission threshold energy is supported by the 

spectral measurements (data points) displayed in Figure 7.10 for a Cu(001) photocathode at 

35K.  For ΔE < 25meV, MTE values less than 10meV are measured, albeit with a significantly 

reduced QE of ~10-8 (Figure 7.9).  In order to increase the electron yield from such a cooled 

metal photocathode, higher incident laser powers will then be required, which are likely to heat 

the electron gas in the metal increasing its temperature Te [89] and result in nonlinear (e.g. two-

photon) photoemission[120], especially for pulsed lasers.  Both effects will increase the MTE 

of the emitted electrons, negating the benefit of employing a cryogenically cooled 

photocathode.  On the other hand, such a sub-10meV MTE electron source is likely practical 

and attractive for UED and UEM applications only requiring one (or a few) electrons per 

pulse[27]. 
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The one-step photoemission simulations all agree with the clear experimental 

determination that lowering the photocathode temperature reduces the MTE near the 

photoemission threshold.  However, only the simulation employing a transverse effective mass 

of 0.89m0 (red line in Figure 7.10) is in close agreement with the measurements for all excess 

photoemission energies.  Both the simulations using the more dispersive transverse band 

structure (Equations 7.1 and 7.2) with more accurate mT values around 0.4m0 predict MTE 

values that are roughly half the measured values – the same discrepancy as observed at 300K 

(Figure 7.8).  Consequently, one can conclude that phonon scattering is not likely to be 

responsible: For the primary ~3THz surface phonon mode on the Cu(001) surface[121], for 

example, a reduction in temperature from 300K to 35K should have reduced the scattering rate 

by a factor of about 10.  Further work will therefore be needed to explain this result.   
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Figure 7.10: The Measured MTE (data points) as a function of incident UV photon energy for 

a clean Cu(100) photocathode at 35K: Red solid line is a one-step photoemission simulation 

including the vacuum density of states, mT=0.89m0 and using φ = 4.43eV (thin dotted vertical 

line); dot-dashed line represents the Dowell theory[18]; blue line one-step photoemission 

simulation including the vacuum density of states, mT=0.39m0; green line represents the cosine 

fit (equation 7.1). 

 

I also note that the one-step photoemission simulations presented in Figure 7.10 assume 

a Cu(001) work function of 4.43eV (thin vertical line); that is, 0.1eV higher than that used for 

the QE in Figure 7.9.  This small difference is likely due to surface contamination at the 35K 

cryogenic temperature – predominantly hydrogen under the UHV conditions.  Indeed, 

experiments on a Cu(110) photocathode could not be performed as the more reactive (110)-

face of this face-centered cubic crystal[25] ensured that the effective work function value 

varied throughout the duration of any measurement – the crystal surface effectively acting as a 

‘getter’ for residual gas even under the ~10-10 torr vacuum conditions. 
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7.4.3 Cu(001): Total electron energy-momentum distributions at 35K 

 

 

 

 

 

 

 

 

 

Figure 7.11: Total kinetic energy vs transverse momentum distributions of emitted electrons 

using photon energy (a) 4.56 eV, (b) 4.43 eV. The transverse momentum spread with the 4.43 

eV photon energy corresponds to 5 meV MTE. The figure shows the transverse momentum in 

only one transverse directions. The distributions are cylindrically symmetric in the transverse 

plane. The color bar is in arbitrary units. 

 

The careful calibration of the ToF detector in the LBNL photocathode characterization 

system[117] allows for precise and simultaneous measurement of both the total kinetic energy 

and transverse momentum electron distributions.  An example of two such measurements is 

shown in Figure 7.11 for the Cu(001) photocathode at 35K; one at an excess energy of 0.13eV 

and the other near the photoemission threshold at ħω = 4.43eV.  As expected, both the total 

kinetic energy and transverse momentum of the emitted electrons increases with ΔE, as 

evidenced by the wider parabolic limit of the distribution in Figure 7.11(a) compared to that in 

Figure 7.11(b) at the lower ΔE.  Integration of these electron distributions over the kinetic 

energy generates their transverse momentum spread which yields the MTE (through its second 

moment), which for the 4.43eV incident photon energy (Figure 7.11(b)) is equal to 5meV.   
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Figure 7.12: Electron energy distribution for a 4.43 eV incident photon energy showing a 

FWHM spread of 11.5 meV. 

 

 

 

 

Integration of the total kinetic energy and transverse momentum distributions over the 

transverse momentum yields the energy distribution of the emitted photo electrons.  Figure 

7.12 shows the electron energy distribution at the near-threshold 4.43eV photon energy which 

has a measured FWHM energy spread of less than 11.5 meV a value that is limited by the 

instrumental resolution, the temperature, and the vacuum density of states.  The high energy 

edge in the distribution is given by the Fermi distribution, whereas the low-energy-side rise is 

due to the small density of vacuum states[20] close to the threshold (increasing as the square 

root of the total kinetic energy) and the low transmission probability over the photoemission 

barrier as the kinetic energy goes to zero.   

11.5 
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Together with the 5 meV MTE at this incident photon energy, the measured 11.5meV 

total energy spread implies that a Cu(001) photocathode at 35K has a nearly two orders of 

magnitude brightness increase over current electron sources used for stroboscopic UED (UEM) 

applications[4].  Moreover, the low energy spread of this source for such applications that 

require few to a single electron per pulse can result in dramatically better energy resolution in 

ultrafast EELS techniques. 
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CHAPTER 8 

8 CONCLUSION 

 

In this thesis, I have demonstrated that a one-step photoemission simulation, which 

incorporates the joint density of states between the occupied emitting band and recipient 

vacuum states, is consistent with spectral measurements of the emission properties of several 

single-crystal metal photocathodes. In agreement with the one-step photoemission analysis, my 

work has shown that the QE is not proportional to the square of the excess photoemission 

energy E, but instead a QE = A.(E)n relationship is required and the power n appears to 

depend upon the occupied DOS and the dispersion of emitting band(s).  As a result, a plot of 

QE(1/n) vs. the photon energy should be used to extract the work function () of photocathode 

material[51].  Moreover, the newly developed photoemission theory indicates that the band 

dispersion (predominantly the transverse effective mass mT) strongly affects the MTE; 

specifically, the MTE is greater than E/3 for large mT (due to the joint density of states) and 

MTE < E/3 for sufficiently small mT (due to the band restriction on available states).  During 

my Ph.D. research work, I have also obtained a record low MTE of 5meV from a cryogenically-

cooled Cu(100) photocathode surface using near-threshold photoemission.  Near the threshold, 

when the excess energy is close to or less than zero, photoemission occurs from the tail of the 

Boltzmann distribution, limiting the MTE to kBTe, where kB is the Boltzmann constant and Te 

is the temperature of the electrons in the crystal, thus allowing the MTE to be reduced by 

cooling cathode material to low temperatures[27]. 

 

The spectral characterization of the single-crystal metal photocathodes described in this 

thesis employed a home-built, 3.0-5.3eV UV tunable, laser radiation source with a solenoid 
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scan technique[25] coupled to an extended analytical Gaussian beam propagation 

model[11,23,24] to extract the MTE of electron emission and a Faraday cup for the QE 

measurements.  A diode-pumped, mode-locked femtosecond Yb:KGW oscillator is used as the 

front end of the laser radiation source. A super-continuum fiber is used to generate a the seed 

radiation for a 2-stage OPA pumped by the green second harmonic of the Yb:KGW laser, and 

the amplified tunable signal and idler radiation is used to produce near continuously tunable 

UV radiation by sum-frequency generation with second and third harmonics of laser 

oscillator[25]. The p-polarized UV radiation focused to a ~100-micron spot at a 60 angle of 

incidence on the photocathode surface in 20 kV DC electron gun. The solenoid scan technique 

is used to measure MTE of the resulting electron beam using a Ce:GAGG scintillator 

screen[22] and 1:1 imaging onto a CCD camera with 5-micron resolution and an extended 

Analytical Gaussian (AG) model of the electron beam propagation[23,24]. To obtain QE 

measurements down to ~10-8 electrons/photon, a 5mm-diameter aperture Faraday Cup 

connected to a pA meter is used to collect all emitted electrons. In addition, the spectral 

characterization of a Cu(100) photocathode was performed at LBNL using a characterization 

system in a UHV (~10-10 torr) vacuum chamber with a 250-280 nm (4.43-4.96 eV) UV 

radiation source based on a Ti: Sapphire laser system. The pristine crystal surface was obtained 

after performing several cycles of ion bombardment Ar
+ 

ion bombardment and temperature 

annealing until a strong low energy electron diffraction (LEED) pattern from the required 

crystalline surface was observed. 

 

The experimental spectral measurements of the MTE and QE for the single-crystal 

metal photocathodes are compared to a one-step photoemission simulation that employs a 

cylindrical approximation to the dispersion of the emitting bands evaluated using DFT 

techniques. This one-step photoemission model is employed in my theoretical analysis as there 
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are no higher-lying bands to populate in the studied single-crystal metal photocathodes. Full 

relativistic effects with spin-orbit coupling are used in the DFT calculations to obtain a band 

structure with the correct band positions required to achieve the high <100 meV precision in 

the photoemission analysis. Additionally, the work function for clean single-crystal metals was 

calculated using the thin slab technique[68]. The developed one-step photoemission simulation 

then employs a cylindrical band approximation for the evaluated band dispersion E(p) around 

the emission direction and Forbes and Deane’s[38] treatment of emission over and under a 

triangular barrier from a ‘virtual’ state replicating the characteristics of the band state at the 

prescribed excess photoemission energy E. Also included in my simulation is the joint density 

of states involved in the photoemission transition; that is, the density of states of both the 

emitting bulk electronic bands and the recipient vacuum states. The MTE is then evaluated 

from the second moment of extracted pT distribution in the vacuum, and the relative QE is also 

evaluated by integrating the distribution[20]. In this one-step photoemission simulation, I have 

not included transition matrix elements, the Schottky effect, optical and chemical properties of 

material, and finally, carrier-carrier scattering. 

 

In chapter 4, I show that this theoretical formalism agrees with the spectral MTE and 

QE measurements for a Rh(110) photocathode[25]. Two bands contribute to the photoemission 

for Rh(110) direction, and the Σ2 band dominates the photoemission over that of the Σ1 band 

due to its substantially larger longitudinal effective mass mz in the Γ-K direction. The inclusion 

of both vacuum and bulk band density of states results in (i) a limiting value of the MTE at 

300K below the photoemission threshold that is significantly larger than kBTe = 25meV and (ii) 

a QE that follows a power-law dependence on ΔE that is greater (n=2.89) than quadratic (QE 

 A.(E)2).  Knowledge of this power-law dependence allowed a work function value of 

4.23eV to be extracted for Rh(110) using QE data. Critical to the agreement between the 
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experimental measurements and the one-step photoemission model is a highly accurate 

knowledge of the energy-momentum positions of the emitting electronic states since this 

determines their excess energy, the local density of states, and crucially transverse momentum. 

Even for Rhodium, a second-row transition metal, to achieve the necessary accuracy, the DFT 

band structure calculation needed to include full relativistic effects and spin-orbit coupling. 

 

In chapter 5, the experimental MTE and QE data for Mo(001) and W(001) are compared 

to the values predicted from the one-step photoemission simulation. Unlike for the Rh(110) 

photocathode, the agreement between the experimental data and the photoemission theory is 

not as good for Mo(001). The DFT band structure calculated using full relativistic effects and 

spin-orbit coupling along the (001) emission direction for Mo is complex and not well 

described by a constant mT in the cylindrical parabolic approximation was used for the 4 bands 

that cross the Fermi level and contribute to the photoemission. The QE values follow a power-

law dependence relationship of QE = A.(E)2.8 and a work function of 3.7 eV is extracted from 

the spectral dependence of the QE.  Compared to Mo(001), the measured spectral dependence 

of the MTE and QE for W(001) are in better agreement with the prediction of the one-step 

photoemission simulation despite the stronger relativistic and spin-orbit coupling effects on the 

band structure. For W(001), there is no contribution from the lens band to photoemission, and 

only two bands contribute to the emission.  In this case, the QE values follow a power-law 

dependence relationship of QE = A.(E)3.0 and a work function of 3.78 eV obtained. 

 

The experimental study and theoretical analysis of the spectral properties of the 

Hf(0001)/HfO2 photocathode I present in chapter 6 is expected to have significant implications 

for future research in photocathode physics. The band-based one-step photoemission 

simulation is in agreement with the spectral dependence of the MTE data for the polished 
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Hf(0001) (polished to remove a thin (~10 Å) oxide layer), and this result clearly indicates that 

bulk electronic bands with low transverse effective mass (mT < m0) can emit electrons with a 

lower MTE than that predicted by the Dowell-Schmerge theory[18]. Consequently, a low 

transverse effective mass can be used as a selection criterion to discover future low emittance 

photocathode materials.  On the other hand, the QE will need to be improved by increasing the 

density of emitting states. This study also showed that the thin layer of oxide on the polished 

Hf(0001) did not deleteriously affect the emission properties of this low-emittance single-

crystal photocathode, as a thin layer of oxide does not have a sufficiently high density of states 

make a significant contribution to the photoemission from the metal. However, as the thickness 

of the oxide layer increases, the emission from the oxygen vacancy defect states in HfO2 was 

shown to dominate the MTE from the Hf(0001)/HfO2 photocathode at low excess 

photoemission energies. A modification to the one-step photoemission analysis allowed 

photoemission from fixed energy states such as 1s-like states associated with defects and 

dopants etc. to be modeled. 

 

Despite being an intrinsically simpler photo-emitter according to the Ab initio band 

structure calculations, the analysis of the spectral measurements I describe in chapter 7 for a 

Cu(001) photocathode with a clean surface is evidently incomplete. Although the one-step 

photoemission simulation is in general agreement with the temperature dependence of the 

single-crystal photocathode’s emission characteristics, the value of mT  0.4m0 extracted from 

the DFT band structure calculations leads to a significantly lower predicted MTE value than 

that measured using the photocathode characterization system at LBNL.  Nonetheless, the 

measured sub-10meV MTE from Cu(001) at 35K just above the photoemission threshold 

represents a landmark observation in the photocathode community, albeit that it is associated 
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with a significantly reduced QE due to the much-reduced emission from the Boltzmann tail of 

the electron distribution at such low temperatures. 

 

In spite of the approximations employed in this Thesis, I would contend that it has laid 

the groundwork for the selection of potential solid-state photocathode materials by Ab initio 

techniques that could exhibit (ultra)low emittance (i.e., MTE) at 300K while maintaining a 

reasonable QE (~10-6 or greater) – photocathode characteristics that could improve the 

performance of XFELs, UED systems and future UEMs by over an order of magnitude.  A 

possible example of such a new photocathode material is the rare-earth pnictide YSb.  Its DFT 

calculated band structure (Figure 8.1) clearly shows the presence of three hole-like low 

effective mass bands crossing the Fermi level around the  point.  Moreover, for emission in 

the -X direction (i.e. from a YSb(001) photocathode), the electron-like band with a minimum 

at the X point could also contribute to photoemission, and this band also has a low transverse 

effective mass. 

 

 

 

 

 

 

 

 

Figure 8.1: Band structure of YSb. Three low effective mass hole like emission bands cross the 

Fermi level (at zero energy) around the Γ point. 
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Of course, a more useful theoretical formulation of photoemission than that presented 

in this Thesis would be one that includes an estimate (or absolute evaluation) of the QE.  For 

the one-step photoemission simulation, I have shown, this is expected to be possible since the 

formalism it is based on[20] employs essentially the same plane-wave electron description that 

may be used to evaluate the matrix elements associated with the photo-excitation leading to 

photoemission.  It should also be possible to improve the predictive accuracy of the 

photoemission simulation by employing the precise E(p) dispersion characteristics of the 

emitting band(s) evaluated by DFT; that is, using an array of Monkhorst-Pack k-points instead 

of the limited analytical fits to the band dispersion presented in chapters 4, 5, 6, and 7.  

However, care would then have to be taken to ensure that only electrons from band states 

‘mapping’ correctly to the positive group and phase velocities of the vacuum states can emit.  

 

Several other factors could be included in a more complete one-step photoemission 

analysis.  Amongst these is a physical description of the effect that the finite absorption depth 

has in the longitudinal direction through the inclusion of the Heisenberg uncertainty principle; 

specifically, a z restriction in emission in real space implies a pz convolution over band 

states in momentum space. In addition, the intermediate region between the crystal face and 

the peak of the potential barrier (Schottky effect) usually gets overlooked but it should have 

periodic potential variations due to the periodic crystal surface potential that could affect the 

MTE. 
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Appendix A 

ANALYTICAL DERIVATION OF TRANSMISSION 

COEFFICIENT 

 

The new theoretical formulation of one-step photoemission was described in chapter 2. 

The transmission through or over the triangular barrier generated by an applied surface 

acceleration field Eacc of the electron gun has been described by Forbes and Deane’s recent 

exact analytical one-dimensional quantum solution[38]. Below I will present a detailed 

analytical derivation of the transmission coefficient (equation 2.12) used in the one-step 

simulation. In this derivation, I assumed a flat planar photocathode surface, and the one-

dimensional barrier shown in figure A.1. Electrons move from left to right into the vacuum and 

are considered as propagating waves.  

 

In figure A.1, the left side (region E) represents the emitter region, and the right side 

(region V) represents the vacuum. 𝜒 represents the potential energy barrier inside emitter, 

which is assumed to be independent of the acceleration field Eacc, and W is the kinetic energy 

of an electron inside emitter. The transmission energy w is defined as W- 𝜒 and positive and 

negative values of w indicate above the barrier transmission (flyover) and below barrier 

transmission (tunneling), respectively. 
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Appendix A (Continued) 

 

  

 

 

 

 

 

 

 

 

 

 

Figure A.1: Schematic of the simulated one-step photoemission process for mz = m0: Photo-

excitation of the electrons from a bulk band states into (with transverse momentum 

conservation) the vacuum states (effective mass = m0) either above (photoemission with ΔE > 

0, right panel) or below (photo-assisted tunneling with ΔE < 0, left panel) the triangular barrier 

generated by the applied acceleration field in an electron gun: Eacc. 

 

Below barrier transmission (∆𝑬 < 0) 

 

The electron’s potential energy, 𝑈𝑒 , is W in the region E and 𝑒𝐸𝑎𝑐𝑐𝑋 in the region V. 

The total forward energy is assumed to be zero. The Schrodinger equation becomes 

 −ℏ2

2𝑚0

𝑑2𝜑

𝑑𝑋2
− 𝑊𝜑 = 0, 

A.1 

in the region E, where 𝐾′2 =
2𝑚0𝑊

ℏ2
. The solution to the Schrodinger equation is  
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Appendix A (Continued) 

 

 𝜑 = 𝐶+𝑒−𝑖𝐾′𝑋 + 𝐶−𝑒𝑖𝐾′𝑋 A.2 

 

where the first part represents the reflected wave, the second part represents the transmitted 

wave, and 𝐶+, 𝐶− are complex amplitudes. The one-dimension probability current Π for 𝜑 =

𝐶−𝑒𝑖𝐾′𝑋 can be written as  

 Π =
𝑖ℏ

2𝑚0
(𝜑

𝑑𝜑∗

𝑑𝑋
− 𝜑∗ 𝑑𝜑

𝑑𝑋
). A.3 

 

The substitution of the solution to the Schrodinger equation further simplifies the probability 

current to  

 Π = |𝐶−|2
ℏ𝐾′

𝑚0
, A.4 

 

where |𝐶−|2 =
Π𝑢𝑚0

ℏ𝐾′  and Π𝑢 is the probability current of unit magnitude; i.e., Π𝑢 = 1 s-1. The 

wave traveling to the right with a unit probability current is then given by  

 

 
𝜑𝐸𝐿

𝑈𝐶𝑁(𝑋) = (
Π𝑢𝑚0

ℏ𝐾′
)
1
2𝑒𝑖𝛾𝑒𝑖𝐾′𝑋, 

A.5 

 

where 𝑒𝑖𝛾 is a phase factor that can be chosen arbitrarily. The incident wave is partially 

reflected at the PE step and the reflected wave function can be written as  

 

 𝜑𝐸𝑅 = 𝐶𝐸𝑟(
Π𝑢𝑚0

ℏ𝐾′ )1/2𝑒𝑖𝐾′𝑋. A.5 
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Appendix A (Continued) 

 

The unit current normalized wave function in region E is therefore given by 

  

 𝜑𝐸(𝑋) = (
Π𝑢𝑚0

ℏ𝐾′ )
1

2(𝑒𝑖𝛾𝑒−𝑖𝐾′𝑋 + 𝐶𝐸𝑟𝑒
𝑖𝐾′𝑋). 

A.6 

 

The Schrodinger equation in region V can be written as 

 

 −ℏ2

2𝑚0

𝑑2𝜑

𝑑𝑋2 + 𝑒𝐸𝑎𝑐𝑐𝑋𝜑 = 0. A.7 

 

The equation can be further simplified to  

 

 𝑑2𝜑

𝑑𝑋2
− 𝐾2𝑒𝐹𝑋𝜑 = 0 

A.8 

 

where 𝐾2 =
2𝑚0

ℏ2 .  With the introduction of a new dimensionless variable 𝑥 = 𝐾𝐴𝑋 =

(𝐾2𝑒𝐹)1/3𝑋, the Schrodinger equation becomes 
𝑑2𝜑

𝑑𝑥2 − 𝑥𝜑 = 0.  The linearly independent Airy 

functions 𝐴𝑖(𝑥) and 𝐵𝑖(𝑥) can then be used to write the solution to the simplified Schrodinger 

equation as 𝜑(𝑥) = 𝐶𝐴(𝐴𝑖(𝑥) − 𝑖𝐵𝑖(𝑥)), where 𝐶𝐴 is the complex constant and |𝐶𝐴|
2 =

Π𝑢𝜋𝑚0

ℏ𝐾𝐴
 can be found using the probability current equation.  𝜑(𝐾𝐴𝑋) = 𝐶𝐴[𝐴𝑖(𝐾𝐴𝑋) −

𝑖𝐵𝑖(𝐾𝐴𝑋)] is now the wave function in the vacuum region and this can be simplified using 

Wronskian function, [𝐴𝑖(𝐾𝐴𝑋)𝐵𝑖′(𝐾𝐴𝑋) − 𝐵𝑖(𝐾𝐴𝑋)𝐴𝑖′(𝐾𝐴𝑋)] = 1/𝜋[122]. 
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Appendix A (Continued) 

 

The wave function in the region V is then 

 𝜑𝑉(𝐾𝐴𝑋) = 𝐶𝑉(
Π𝑢𝜋𝑚0

ℏ𝐾𝐴
)
1

2[𝐴𝑖(𝐾𝐴𝑋) − 𝑖𝐵𝑖(𝐾𝐴𝑋)]. 
A.9 

 

To find the constant 𝐶𝑉, boundary conditions are applied at the potential energy barrier X= L 

= −𝑤
𝑒𝐹⁄ , a new dimensionless parameter 𝜔 =

𝐾′

𝐾𝐴
 is introduced, and the phase factor 𝛾 = 𝐾′𝐿 

is chosen. In addition, the notation 𝐴𝑖(𝐾𝐴𝐿) = 𝐴 and 𝐵𝑖(𝐾𝐴𝐿) = 𝐵 is used. The following are 

the equations employed from the boundary conditions to find the constant 𝐶𝑉 that is at the end 

of the list; 

 𝜑𝐸|𝑋=𝐿 = 𝜑𝑉|𝑋=𝐿 

 

𝐶𝑉 (
𝐾′𝜋

𝐾𝐴
)

1/2

[𝐴 − 𝑖𝐵] = 1 + 𝐶𝐸𝑟𝑒
𝑖𝐾′𝐿 

 

𝑑𝜑𝐸

𝑑𝑋
|
𝑋=𝐿

=
𝑑𝜑𝑉

𝑑𝑋
|
𝑋=𝐿

 

 

𝐶𝑉𝜔−1/2𝜋1/2[𝑖𝐴′ + 𝐵′] = 1 − 𝐶𝐸𝑟𝑒
𝑖𝐾′𝐿 

 

𝐶𝑉 =
2

𝜔1/2𝜋1/2[𝐴 − 𝑖𝐵 + 𝜔−1(𝑖𝐴′ + 𝐵′)]
 

 

A.10 
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The ratio between the transmission probability current to the incident probability current is 

known as the transmission coefficient T; hence 𝑇 = |𝐶𝑉|
2. The transmission coefficient is 

therefore 

 𝑇 =
1

1

2
+

1

4
𝜋𝜔(𝐴2+𝐵2)+

1

4
𝜋𝜔−1(𝐴′2+𝐵′2)

, A.11 

 

where 𝜔 =
𝐾′

𝐾𝐴
= (

2𝑚0

ℏ2𝑒2
)
1/6

𝑊1/2𝐸𝑎𝑐𝑐
−1/3

. 

 



 

 

137 

APPENDIX B 

ONE STEP PHOTOEMISSION SIMULATION CODE 

 

The following Mathematica code represents the script that is used to obtain MTE values 

using the one-step photoemission simulation described in chapter 2. This code is used to obtain 

MTE values when effective mass is not equal to the free electron mass. In the first part, 

constants and input values are introduced, and then definitions are introduced. A control 

statement is used to keep the input values within the emitting band.  

 

Remove["Global`*"] 

(* Material Parameters *) 

m0 = 1.0; 

mT = 0.5(*0.42*); 

mz = 1.0(*0.11,0.25*mT*); 

Te = 300.0; 

kBTe = (0.025/300.0)*Te; 

W = 4.64 (*4.16,3.87,4.64Ag(100)*); 

EF = 5.49 (*7.0Cu,1.2,5.49Ag*); 

hw =(*4.67*)W + 0.0; 

qE = 1.0;(* units eV/um *) 

hbar = 0.0002763; (* units um.Sqrt[m0.eV] *) 

 

(* DEFINITIONS *) 

hqE = hbar*qE; 

(* Threshold energy in band; MUST be positive *) 

Eth = EF + W - hw; 

pTth = 0.2*Sqrt[2.0*mT*Eth]; 

AA = Eth*((2.0*m0/(hqE*hqE))^(1/3)); 

BB = 0.5*((2.0*m0/(hqE*hqE))^(1/3)); 

CC = (2.0*m0*hqE)^(-1/3); 

(* Local DOS x Barrier Transmission: f(E,pT) *) 

 

T[e_, x_] = (4.0*mz*CC)/(2.0*CC*Sqrt[mz*(2.0*e - x*x/mT)] + Pi*CC*CC*mz*(2.0*e - 

x*x/mT)*(AiryAi[AA - BB*(2.0*e - x*x/mT)]*AiryAi[AA -BB*(2.0*e - x*x/mT)] +AiryBi[AA - BB*(2.0*e - 

x*x/mT)]*AiryBi[AA - BB*(2.0*e - x*x/mT)]) + Pi*(AiryAiPrime[AA -BB*(2.0*e - 

x*x/mT)]*AiryAiPrime[AA - BB*(2.0*e - x*x/mT)] + AiryBiPrime[AA - BB*(2.0*e - 

x*x/mT)]*AiryBiPrime[AA - BB*(2.0*e - x*x/mT)])); 

(* Barrier Transmission: f(E,pT) ... no Local DOS *) 

(* Electron Local DOS and Occupation; Fermi function *) 

 

f[e_] = 1.0/(1.0 + Exp[(e - EF)/kBTe]); 

Vza[e_, x_] = 1.0*m0*Sqrt[x*x + (Re[Sqrt[2.0*m0*(e - Eth) - x*x]])^2]* Re[Sqrt[2.0*m0*(e -Eth) - 

x*x]]/Sqrt[2.0*m0*(e - Eth + 0.00000001) - x*x]; 

Vzb[x_] = 1.0*m0*Sqrt[x*x]; 
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(* Control statement; Zero outside band *) 

Zero[e_, x_] = (Re[Sqrt[e]]/Sqrt[e + 0.00000001])*Re[Sqrt[2.0*e - x*x/mT]]/Sqrt[2.0*(e + 0.00000001) - 

x*x/mT]; 

 

(* pT mesh definitions *) 

(* Constant pT mesh size for QE calc., variable in general *) 

dpT = 0.005(*pTth/ith*); 

ith = pTth/dpT; 

jmax = IntegerPart[Re[Sqrt[2.0*mT*(hw - W + 5.0*kBTe)]]/dpT]; 

imax = ith + jmax; 

Elow = 0.002;(* units eV *) 

kmax = 1.0*IntegerPart[Sqrt[2.0*m0*Elow]/dpT]; 

 

(* Above barrier energy; E > Eth *) 

Ea[j_] = Eth + ((2.0*j - 1.0)*pTth + (j*(j - 1.0) + 0.5)*dpT)*dpT/(2.0*mT); 

dEa[j_] = (pTth + (j - 0.5)*dpT)*dpT/mT; 

 

(* Below barrier energy; E < Eth *) 

Eb[k_] = Eth - ((2.0*k - 1.0)*pTth + (k*(k - 1.0) + 0.5)*dpT)*dpT/(2.0*mT); 

dEb[k_] = (pTth - (k - 0.5)*dpT)*dpT/mT; 

 

(* Normalization Factor: Above barrier emission at pT=0 *) 

xx = 0.5*dpT; 

Plot[(Zero[Ea[j], xx]*T[Ea[j], xx]*f[Ea[j]]*Vza[Ea[j], xx]), {j, 1, jmax}, {PlotRange -> All}] 

T0a = Sum[(Zero[Ea[j], 0.5*dpT]*T[Ea[j], 0.5*dpT]*f[Ea[j]]*Vza[Ea[j], 0.5*dpT]*dEa[j]), {j, 1, jmax}]; 

 

(* Data Table: (pT,emission) *) 

a = Table[{(i - 0.5)*dpT, Re[Sum[(Zero[Ea[j], (i - 0.5)*dpT]*T[Ea[j], (i - 0.5)*dpT]* f[Ea[j]]*Vza[Ea[j], (i - 

0.5)*dpT]*dEa[j]), {j, 1, jmax}]]}, {i, 1, imax}]; 

ListPlot[Table[{a[[i, 1]], (a[[i, 2]]/T0a)}, {i, 1, imax}],  

 Axes -> False, Frame -> True, PlotRange -> All, PlotStyle -> Red,  

 Joined -> True] 

 

(* Normalization Factor: Below barrier emission at pT=0 *) 

Plot[(Zero[Eb[k], 0.5*dpT]*T[Eb[k], 0.5*dpT]*f[Eb[k]]*Vzb[0.5*dpT]), {k, 1, kmax}, {PlotRange -> All}] 

 

(* Data Table: (pT,emission) *) 

b = Table[{(i - 0.5)*dpT, Re[Sum[(Zero[Eb[k], (i - 0.5)*dpT]*T[Eb[k], (i - 0.5)*dpT]* f[Eb[k]]*Vzb[(i - 

0.5)*dpT]*dEb[k]), {k, 1, kmax}]]}, {i, 1, imax}]; 

 

(* Normalization by above barrier constant for comparison *) 

ListPlot[Table[{b[[i, 1]], (b[[i, 2]]/T0a)}, {i, 1, imax}], Axes -> False, Frame -> True, PlotRange -> All, PlotStyle 

-> Red, Joined -> True] 

 

(* Output: MTE via (DpT)^2 *) 

st0 = Sum[(a[[i, 2]] + b[[i, 2]]), {i, 1, imax}]; 

st2 = Sum[(a[[i, 2]]*a[[i, 1]]*a[[i, 1]] + b[[i, 2]]*b[[i, 1]]*b[[i, 1]]), {i, 1, imax}]; 

MTEa =(1000.0/m0)*Sum[a[[i, 2]]*a[[i, 1]]*a[[i, 1]], {i, 1, imax}]/ Sum[a[[i, 2]], {i, 1, imax}] 

MTEb = (1000.0/m0)*Sum[b[[i, 2]]*b[[i, 1]]*b[[i, 1]], {i, 1, imax}]/ Sum[b[[i, 2]], {i, 1, imax}] 

MTEmeV = (1000.0/m0)*(st2/st0) 

 

(* Photoemission Efficiency *) 

etaPE = (10^6)* Sum[(i - 0.5)*dpT*dpT*(a[[i, 2]] + b[[i, 2]]), {i, 1, imax}] 

 

(* PE efficiency normalized; e.g. to QE(W=hw) *) 

normeta = etaPE/(11.6249) 
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APPENDIX C 

CUBIC METAL PHOTOCATHODES 

 

For completeness, I include the obtained experimental data for W(111) and Ta(001) 

single-crystal metal photocathodes in this appendix section. The measured MTE and QE values 

are compared to the prior photoemission theories. As in chapters 4 and 5, the Gobeli & Allen 

method[51] used to obtain the work function as the results clearly indicate that the quadratic 

relationship QE =A.(ΔE)2 is not valid for every material. 

 

The W(111) photocathode 

 

The measured spectral dependences of the QE and MTE for the single-crystal W(111) 

photocathode are shown by the data points in figures A.2 and A.3 respectively.  The QE is 

compared to that predicted by Vecchione’s poly-logarythmic formulation[19] (solid line) and 

the quadratic dependence on excess photoemission energy E from Fowler and 

DuBridge[26,30] (dashed line).  Although both prior photoemission theories appear to be good 

agreement with the experimental data, the insert of figure A.2 indicates that the QE follows a 

power law of (E)2.7, which allows for the extraction of a work function value of 3.88eV using 

the Gobeli & Allen method.  This is to be contrasted with a value of W(111)
 = 4.55(±0.2)eV I 

determined from a DFT-based thin-slab calculation, which is within the range of the accepted 

value of  4.44(±0.21)eV for W(111)[41].  It is, however, ~0.67eV above the experimental value 

a discrepancy that is again likely due to a 1 (±0.5) monolayer surface oxide[97]. 
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Figure A.2: Quantum efficiency (QE) per absorbed photon of W(111) as a function of incident 

UV photon energy (ħω): Experimental measurements (data points) and QE calculated using 

Vecchione theory[19] using Ef=7.45 eV[100] (equation 2.7) (solid black line); QE calculated 

using Fowler-Dubridge theory[30] [26] (QE = A.ΔE2) (dashed black line). Inset: Extraction of 

the 3.88 eV work function (vertical line) using (QE)1/2.7 vs. ħω. 

 

In figure A.3, the measured spectral dependence of the MTE for W(111) is compared 

to Vecchione’s poly-logarythmic formulation[19] (solid line) and the Dowell-Schmerge E/3 

dependence (dashed line)[123]  using the 3.88eV value for the work function determined from 

the QE data.  The prior photoemission theories are again in good qualitative agreement with 

the experimental results with the clear exception that around the photoemission threshold the 

simple inclusion of the kBTe = 25meV Boltzmann tail in Vecchione’s analysis is insufficient – 

the measured MTE is significantly larger.  This is, of course, primarily due to joint density of  

states, between the occupied band emission states and the vacuum states, in the photoemission 

process.  In addition, the details of the dispersion of the emission band likely further contributes 

to the observed increase in the MTE over the E/3 dependence for incident photon energies 

below ~4.6eV (excess energies less than ~0.7eV). 
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Figure A.3: Mean transverse energy of emitted electrons from W(111) and a function of 

incident UV photon energy (ħω): Experimental solenoid scan data with error bars (data points); 

MTE calculated using Vecchione theory with Ef=7.45 eV[100] (equation 2.6) (solid black line); 

MTE calculated using Dowell theory (MTE = ΔE/3) (dashed black line). 

 

The Ta(001) photocathode 

 

Figures A.4 and A.5 display, respectively, the measured spectral dependences of the 

QE and MTE for the single-crystal Ta(001) photocathode (data points).   The predicted spectral 

dependences of the QE from the prior photoemission theories of Vecchione et al.[19] (solid 

line) and Fowler and DuBridge[26,30] (dashed line) again compare favorably with the 

measurements: But, the insert in figure A.4 suggests that QE = A.(E)2.8, where A is a constant, 

which allows a value of Ta(001)
 = 3.78eV to be extracted using the method of Gobeli &  
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Allen[51].   This is to be contrasted with a work function value of 4.4(±0.2) eV that I evaluated 

from a DFT-based thin- 

 

slab calculation for a clean Ta(001) surface, which is close the accepted value of  

4.10(±0.21)eV[41].  It is, however, ~0.6eV greater than the experimental value due to an oxide-

related surface dipole.  Tantalum is certainly well-known to readily form a Ta2O5 transparent 

UV surface oxide layer at room temperature. 

 

Figure A.4: Quantum efficiency (QE) per absorbed photon of Ta(001) as a function of incident 

UV photon energy (ħω): Experimental measurements (data points) and QE calculated using 

Vecchione theory[19] (equation 2.7) (solid black line); QE calculated using Fowler Dubridge 

theory[30] [26] (QE = A.ΔE2) (dashed black line). Inset: Extraction of the 3.78 eV work 

function (vertical dotted line) using (QE)1/2.8 vs. ħω. 

 

In figure A.5, the measured spectral dependence of the MTE for Ta(001) is compared 

to Vecchione’s poly-logarithmic formulation[19] (solid line) and the Dowell-Schmerge E/3  
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dependence (dashed line)[123] using the 3.78eV value for the work function determined from 

the QE data.  The prior photoemission theories are once again in good qualitative agreement 

with the experimental results with the exception that the measured MTE is ~25meV larger over 

the  

 

whole spectral range.  At excess photoemission energies near threshold, this discrepancy is 

primarily due to the density of states of the emitting band states and the recipient vacuum states.  

At larger excess energies, the dispersion of the one band contributing to photoemission in 

Ta(001) likely provides the reason for the small increase in MTE over the Dowell-Schmerge 

E/3 dependence.    
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Figure A.5: Mean transverse energy of emitted electrons from Ta(001) and a function of 

incident UV photon energy (ħω): Experimental solenoid scan data with error bars (data points); 

MTE calculated using Vecchione theory (equation 2.6) (solid black line); MTE calculated 

using Dowell theory (MTE = ΔE/3) (dashed black line). 
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APPENDIX D 

ONE STEP PHOTOEMISSION SIMULATION FOR DEFECT 

STATES 

In this appendix section, I include a description to the theoretical simulation used in 

chapter 6 for the emission from the defect states. The employed analysis for emission from a 

defect state assumes that it is the populated ground state of the isotropic Coulomb potential; 

that is, the hydrogenic 1s state of an exciton or F-center like state.  In momentum space, the 

quantum wave function is therefore of the form 

 
𝑎(𝐩) = 𝐴 [

(∆𝑝)2

(∆𝑝)2 + 𝑝2
]

2

 
A.12 

 

where Δp represents the characteristic width of the state for an electron mass m0, and A is the 

normalization constant.  In principle, the analysis can be adapted for any square-integrable 

defect state wave function, such as the Gaussian ground state of the harmonic oscillator.   

 

Coupling the initial momentum distribution of the electrons, associated with the 

modulus square of the wave function in equation (A), to our one-step photoemission analysis 

of Ref. 15 simply requires the decomposition of p into longitudinal pz and transverse pT 

components representing the virtual excited state wave function incident on the photoemission 

barrier from the bulk material.  Integration over the longitudinal momentum pz using the 

probability density of a(p) as the local density of states (LDOS), the transmission coefficient 

for the triangular barrier generated by the applied acceleration field [38], and incorporating pT 

conservation for above and below barrier photoemission [20] yields the transverse momentum 

distribution of the photo-emitted electrons for one energy with respect to the top of the barrier.  

To incorporate an energy width δE to the defect, further Gaussian distribution is used, and this  
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is multiplied by a Fermi-Dirac distribution at the lattice temperature of the bulk to describe the 

energetic population distribution of the defect state.   

 

As a result, this formalism allows one to model the case where a defect state ‘pins’ the 

position of the Fermi level, as is the case for doped semiconductors, for example.  Integration 

over energy distribution of the populated states then gives the emitted transverse momentum 

distribution for one incident photon energy ħω; that is, the excess photoemission energy ΔE = 

ħω − .  For the 1s momentum space wave function (Equation A), these transverse momentum 

distributions are Lorentzian-like truncated at the point where 𝑝𝑇 = √2𝑚0∆𝐸; that is the limit 

where the transverse motion of the emitted electron takes all the excess photoemission energy.  

Consequently, for consistency with the Analytical Gaussian electron pulse propagation model 

[11,23,24], which assumes a Gaussian electron momentum distribution and is employed to 

extract the MTE from the experimental measurements [21,124], a weighted least-squares 

Gaussian fit to the simulated transverse momentum distributions is performed to extract a 

comparative value for the MTE at each E.  A direct integration of transverse momentum 

distributions over pT is also performed to yield a numerical value proportional to the quantum 

efficiency (QE) of emission 

 

In our simulation of the oxygen vacancy defect state ~1 eV below the conduction band 

edge in HfO2 [27], a full-width e-1 maximum (FWe-1M) energy width of δE = 0.1 eV is used 

and the Fermi level, at the 3.35 eV work function below the vacuum level, is placed at the 

central average energy of the modeled 1s defect states.  Their momentum width Δp is set to 

0.54 (m0.eV)1/2 as this provides an acceptable fit to the spectral MTE measurements for the Hf  
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(0001)/HfO2 photocathode when photoemission from both oxide layer and the underlying 

single-crystal metal are accounted for using their relative quantum efficiencies.  
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