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Abstract 

Niobium is the current material of choice for superconducting radiofrequency (SRF) 

cavities in particle accelerators. Nb found its ubiquitous use and extensive study in SRF cavities 

due to both its normal and superconducting state properties. Experimental and theoretical studies 

have documented and studied mechanisms in which even local hot spots from inhomogeneities, 

defects, and topographical variations can heat and quench entire SRF cavities. Thus, optimal 

preparation of Nb SRF cavity surfaces are required to prepare energetically efficient SRF 

cavities and keep costs of operation from being prohibitively high. In other words, the 

relationship between atomic-scale surface structure and the resulting superconducting properties 

at the surface is critical in improving and developing next generation SRF cavity materials. 

While well-studied, the formation and evolution of surface defects and compositional 

inhomogeneities remains a challenging part of SRF cavity treatment design and implementation. 

Such an understanding of the role of surface structure and chemical composition as well as their 

resulting effects on superconductivity at the surface remains elusive. This thesis seeks to make a 

start to this foundational understanding with in situ high temperature measurement of atomic 

scale surface structure, vibrational dynamics, and surface EPC on the metallic Nb(100) surface 

and its surface oxide reconstruction (3x1)-O/Nb(100). 

These measurements begin with the discovery of the (3x1)-O/Nb(100)’s high temperature 

stability and structural/ compositional persistence under SRF cavity preparation conditions. 

Then, a key driving force for the unusual stability of the (3x1)-O/Nb(100) was elucidated with 

inelastic HAS TOF measurements and ab initio density-functional theory (DFT) calculations, 

revealing abnormally strong Nb-O and Nb-Nb bonds that make up the characteristic ladder 
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structure. This means the ladder crests of the (3x1)-O/Nb(100) not only introduces new, 

relatively strong Nb-O interactions, but it significantly strengthens the Nb-Nb interactions. In 

this way the (3x1)-O/Nb(100) passivates and stabilizes the surface. These results demonstrate the 

significant role niobium oxides play in the optimization of growth strategies and coating 

procedures for next–generation SRF materials.  

Next the atomic-scale structure’s effect on the superconductivity was investigated using 

HAS’s sensitivity to EPC. HAS simultaneously measured the surface electron-phonon coupling 

(EPC, SEPC) constant (𝜆, 𝜆𝑆) and in situ high temperature atomic-scale surface structure of the 

unreconstructed, metallic Nb(100) surface as well as the (3x1)-O/Nb(100) oxide reconstruction. 

Ab initio DFT with local averaging agrees well with the HAS data. Furthermore, some variations 

in subsurface C and O and their effect on the SEPC are discussed. The Nb(100) surface 𝜆𝑆 is 

0.50 ± 0.08 while that of the (3x1)-O/Nb(100) surface oxide reconstruction  is 𝜆𝑆 is 0.20 ± 0.06. 

The 𝜆𝑆 measured for the Nb(100) surface is ~1/2 the reported bulk Nb 𝜆 values. The significance 

of Nb(100)’s diminished EPC was elucidated by estimating relevant superconducting properties 

from the measured 𝜆𝑆 , surface Debye temperature, known material parameters, and well-

established equations. These results indicate that the Nb(100) surface has decreased 

superconducting properties relative to the bulk. This study shows that these effects may be due 

also to the interface itself even without oxygen. Additionally, the λS measured for the (3×1)-O 

surface reconstruction is further diminished from the metallic, unreconstructed Nb(100) value 

and the reported bulk Nb λ values. Furthermore, varying subsurface O has no significant effect 

on the λS of the (3×1)-O reconstruction. While the metallic, unreconstructed Nb(100) surface is 

significantly affected by accumulated subsurface C and O, the (3×1)-O reconstruction stabilizes 

its λS against the effects of subsurface O. These results contain the first 𝜆 measured for the 
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metallic Nb(100), (3x1)-O/Nb(100), and any Nb surface. These measurements begin a 

fundamental understanding of atomic-scale surface structure’s effect on EPC and 

superconductivity in Nb.  



4 

 

Chapter 1 

Introduction 

Interfaces and surfaces are ubiquitous. Where a phase ends or meets another there will be 

an interface.
1
 In fact interfacial properties exhibit unique and critical chemical processes, such as 

many environmental reactions in our atmosphere, the Haber-Bosch process that feeds the modern 

world, adhesives, and the processing of fuels. In other words interfaces modify the properties of 

the bulk material in startling and fascinating ways. These can lead to altered reactivities, 

electronic properties, and reconstructions. This thesis reports surface science studies of niobium 

surfaces, elucidating the role of niobium surfaces in particle accelerators around the world. In our 

in situ ultra-high vacuum (UHV) scattering instrument, one may exert careful control over a 

material’s surface and measure atomic scale structure, dynamics, and electron-phonon coupling. 

Such careful fundamental research provides a foundational understanding of niobium surfaces 

for their applications and technological developments. 

The niobium surface in a particle accelerator is a solid-gas interface. In order to study the 

surface one must isolate the solid surface from unwanted gases. Surface scientists do this with a 

vacuum. Additionally this vacuum allows probes to reach the surface, interact with it, and leave 

without contaminating the surface by ambient gas particles. Such techniques include low-energy 

electron diffraction (LEED), Auger Electron Spectroscopy (AES), scanning tunneling 

microscopy (STM), and atomic force microscopy (AFM).
2
 Scattering techniques had been 

developed for both bulk and surface; however atomic or molecular scattering probes did not 

come about until crossed-beam experiments.
3,4

 In crossed-beam experiments, multiple 

supersonic beams of chosen atoms or molecules were crossed allowing unique control over 
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reaction dynamics. This was transferred to surfaces where helium atoms became the probe of 

choice due to helium atoms being neutral, non-destructive, strictly surface sensitive, and well 

matched range of energies and wavelengths.
2,5

 

Niobium found its ubiquitous use and extensive study in SRF cavities due to both its 

normal and superconducting state properties.
6
 Experimental and theoretical studies have 

documented and studied mechanisms in which even local hot spots from inhomogeneities, 

defects, and topographical variations can heat and quench entire SRF cavities.
7
 Thus, optimal 

preparation of niobium SRF cavity surfaces is required to prepare energetically efficient SRF 

cavities and keep costs of operation from being prohibitively high
6
. This thesis seeks to make a 

start to this foundational understanding with in situ high temperature measurement of atomic 

scale surface structure, vibrational dynamics, and surface EPC on the metallic Nb(100) surface 

and its surface oxide reconstruction (3x1)-O/Nb(100). 

Chapter 2 covers the necessary theoretical background and experimental methods 

necessary to use the scattering instrument and perform necessary analysis. This includes a brief 

description of crystal theory, electrons, phonons, electron-phonon coupling, and atomic beam 

scattering. The instrument used in this thesis is described in full detail as well as the resulting 

data analysis, crystal preparation, and typical experimental parameters. 

In Chapter 3 the high temperature stability of the (3x1)-O/ Nb(100) surface oxide 

reconstruction is reported with in situ high temperature HAS diffraction and AES. The (3x1)-O/ 

Nb(100) surface oxide reconstruction is stable up to 1130 K in terms of the surface structure, 

order, and composition. This revealed the state of oxidized Nb surfaces under SRF cavity 

preparation conditions, enabling new SRF cavity materials and treatments. 
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In Chapter 4 the (3x1)-O/ Nb(100)’s stability was investigated with inelastic HAS time-

of-flight (TOF) measurements and ab initio DFT calculations. HAS’s capability to map surface 

phonon dispersions allowed rigorous comparison with theory through mean-squared-

displacements and phonon dispersion curves. The synergy of experiment and theory identified 

the ladder crests of the (3x1)-O/ Nb(100) as introducing abnormally strong Nb-O interactions 

and significantly strengthening the Nb-Nb interactions. This has leverage HAS to identify the 

specific atomic-scale surface structure with its effect on (3x1)-O/ Nb(100)’s stability, suggesting 

the ladder crests as barriers to SRF cavity treatments. 

Next, in Chapter 5 the metallic, unreconstructed Nb(100)’s atomic-scale structure and its 

effect on superconductivity was investigated using HAS’s sensitivity to EPC and ab initio DFT 

calculations There is excellent agreement between HAS data and ab initio DFT theory. This 

study revealed the EPC of the metallic Nb(100) surface (0.50 ± 0.08) is more than halved relative 

to that of the bulk (~1). The impact of this significant diminishing of EPC by the metallic 

Nb(100) interface is elucidated by estimating benchmark superconducting properties with 

established equations. Additionally, accumulating subsurface C and O impurities further 

diminishes EPC of the metallic Nb(100) surface. 

Following the EPC study of the metallic Nb(100) surface the effects of the (3x1)-O/ 

Nb(100) on EPC was investigated and is reported in Chapter 6. Similarly there is excellent 

agreement between HAS data and ab initio DFT calculations, determining the EPC of the (3x1)-

O/Nb(100) surface oxide reconstruction’s EPC (0.20 ± 0.06). This revealed that the (3×1)-O 

surface reconstruction further diminishes EPC from the metallic, unreconstructed Nb(100) value 

and the reported bulk Nb λ values. Furthermore, the results showed that varying subsurface O 

has no significant effect on the λS of the (3×1)-O reconstruction unlike the metallic surface. 
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These results contain the first 𝜆 measured for the metallic Nb(100), (3x1)-O/Nb(100), and any 

Nb surface. These measurements begin a fundamental understanding of atomic-scale surface 

structure’s effect on EPC and superconductivity in Nb. 
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Chapter 2 

Theoretical Background and Experimental Methods 

Helium atom scattering (HAS) utilizes fundamental surface science, gas-surface 

scattering theory, and ultra-high vacuum (UHV) techniques to measure surface structure, 

dynamics, and electron-phonon coupling.
2
 This chapter reviews essential concepts, describes the 

scattering apparatus, and explains data analysis techniques. The review begins with crystalline 

surfaces and reciprocal lattices then establishes a necessary foundation in electrons, phonons, and 

electron-phonon coupling. Next, the necessity of supersonic beams and relevant HAS 

measurements – elastic diffraction, inelastic time of flight, thermal attenuation of specular 

intensity – are covered. After HAS is covered, superconductivity and niobium superconducting 

radio frequency cavities will be introduced and connected to HAS measurables. Before covering 

data analysis, the UHV scattering instrument and its three primary sections – beamline, 

scattering chamber, and rotatable detector – are described and explained with scattering theory 

equations. 

2.1 Crystal Lattice, Reciprocal Lattice 

Crystals are solids with periodic structure. This periodic structure is called a lattice. A 

lattice is composed of repeating unit, the unit cell.
8
 The unit cell is described by a collection of 

unit cell vectors. From a defined origin, each point 𝑟⃗ in the crystal is the same as the point, 

 𝑟′ = 𝑟 + 𝑛1 ∙ 𝑎⃗ + 𝑛2 ∙ 𝑏⃗⃗ + 𝑛3 ∙ 𝑐, (2.1) 

where 𝑛1, 𝑛2, and 𝑛3 are integers and (𝑎⃗, 𝑏⃗⃗, 𝑐) are unit cell vectors.
8
 However, the lattice can be 

described by reciprocal lattice vectors, giving the lattice in reciprocal space.
8
 The surface 

generated from terminating this lattice with a planar cut is described with Miller indices of the 
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plane.
9
 When referring to a surface the unit cell becomes two dimensional and is described by 

only two unit cell vectors:
8
 

 𝑟′ = 𝑟 + 𝑛1 ∙ 𝑎⃗ + 𝑛2 ∙ 𝑏⃗⃗. (2.2) 

There is a plethora of crystal and surface lattices, however this thesis is focused on the body-

centered cubic (BCC) structure of Nb and it’s Nb(100) surface.
9
 For BCC, |𝑎⃗| =  |𝑏⃗⃗| and the 

angle between the two vectors is γ = 90°.
8,9

 

 Another useful description of lattices is the reciprocal lattice. For a surface, the reciprocal 

lattice also two dimensional. Thus, the surface reciprocal lattice vectors 𝑎⃗∗ and 𝑏∗ are defined in 

terms of the surface real-space lattice vectors, 𝑎⃗ and 𝑏⃗⃗, as 

 𝑎⃗∗ = 2𝜋
𝑏⃗⃗×𝑛⃗⃗

𝑎⃗⃗∙(𝑏⃗⃗×𝑛⃗⃗)
,  𝑏⃗⃗∗ = 2𝜋

𝑛⃗⃗×𝑎⃗⃗

𝑎⃗⃗∙(𝑏⃗⃗×𝑛⃗⃗)
, (2.3) 

where 𝑛⃗⃗ is the surface-normal unit vector.
4
 Any point in the reciprocal lattice, maybe described 

by a translation vector 

 𝐺⃗ℎ𝑘  = ℎ𝑎⃗∗ + 𝑘𝑏⃗⃗∗, (2.4) 

where h and k are integers know as Miller indices.
3
 Within HAS diffraction peaks are labeled 

with Miller indices. While the physical significance of the real space lattice vectors is self-

apparent, that of the reciprocal lattice is not. While being literally “inverted space” the reciprocal 

lattice vector also is analogous to a wavevector of a wave.
8
 Wavevector directly gives the 

momentum of a wave, meaning that reciprocal space is also momentum space. This is useful 

when considering how waves move through the lattice, specifically electrons and phonons.
10

 

Plotting the energy of electrons and phonons throughout the reciprocal lattice yields many 

significant insights into material and transport properties.
8
 Furthermore, at the surface the lattice 

is terminated, leaving a surface that may reconstruct to relieve any produced stress.
2
 This can 
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cause lattice compression or expansion as well as entire surface lattice reconstructions.
2
 In this 

way the surface often modifies the lattice, electronic states, phonon states, electron-phonon 

coupling, and many other material properties.
2,5

 

 Within the reciprocal lattice, the periodic nature of the reciprocal lattice unit cell means 

that it’s behavior repeats when starting at a reciprocal lattice point and traveling beyond the 

reciprocal lattice unit cell.
8
 These repeating zones are called Brillouin zones (BZ), where the first 

BZ is an area or volume that is closest to a single reciprocal lattice point.
8,9

 This area or volume 

can be drawn with a simple procedure. Pick your single reciprocal lattice point, draw lines 

between between the chosen reciprocal lattice point and each of its nearest neighbor reciprocal 

lattice points, bisect these lines in half with perpendicular lines, and then color in the contained 

region. The colored region will be the first BZ. Often it is said that the behavior across the first, 

second, third, etc. BZ is “folded” into the first BZ. Doing so rigorously and mathematically 

allows one to completely describe the reciprocal space within the first BZ.
8
 Various conventions 

have arose labeling key, high-symmetry points in the first BZ. Specifically, the center of the first 

surface BZ is labeled as Γ̅, with other high symmetry points labeled as X̅, M̅ ect. In Bulk BZ there 

is a similar notation without the bars
8
. In this way people plot certain paths between these high 

symmetry points, such as ΓX̅̅̅̅ , ΓM̅̅ ̅̅ , ect.
2
 We will see later that diffraction peaks only occur when 

the change in wavevector of the helium is equal to that of a reciprocal lattice vector. This means 

that the diffracted helium is plotted in reciprocal space along these high-symmetry paths while its 

peaks are reciprocal lattice points
8,11

. This means the conversion between the diffraction peak 

location in units of change in surface parallel wave vector, ∆𝐾⃗⃗⃗, and the real-space distance, a, is
9
 

 𝑎 =  
2𝜋

∆𝐾⃗⃗⃗
 . (2.5) 

2.2 Electrons, Phonons, and Electron-Phonon Coupling 
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In dealing with phonons and electron-phonon coupling (EPC) the content of this thesis 

touches upon electrons. However, in all cases the free electron model is applied. Thus, a relevant 

introduction to this topic covers the free electron model. In the free electron model all electron-

electron interactions are neglected.
8
 Thus, when considering free electrons in a crystal of some 

arbitrary volume, V, of a cube with sides of length, L, the problem can be framed as a particle in 

a box problem. This results in the typical eigenvalue problem with a kinetic energy operator.
8
 

This along with invoking Bloch wave for the wave functions in a periodic potential (crystal 

lattice) or invoking periodic boundary conditions at the edges of the volume, results in the 

following expressions for free electron wave function, 𝜓𝑘, energy, E; momentum, p; velocity, v; 

and DeBroglie wavelength, λDB, in terms of the electron wavevector, k,
8
 

 𝜓𝑘(𝑟) =  
1

√𝑉
𝑒𝑖𝑘𝑟 , (2.6) 

 𝐸 =
ℏ2𝑘2

2𝑚
, (2.7) 

 𝑝 = ℏ𝑘, (2.8) 

 𝑣 =
ℏ𝑘

𝑚
, (2.9) 

 𝜆𝐷𝐵 =
2𝜋

𝑘
. (2.10) 

Now we will use the previously mentioned, periodic boundary conditions, and the wave function, 

𝜓𝑘 to define the allowed values for and components of the wavevector. By invoking the periodic 

boundary condition 

 𝑒𝑖𝑘𝑥𝐿 = 𝑒𝑖𝑘𝑦𝐿 = 𝑒𝑖𝑘𝑧𝐿 = 1, (2.11) 

and noting that 𝑒𝑧 = 1 only if 𝑧 = 2𝜋𝑖𝑛 (where n is an integer), it becomes apparent that the  

components of the wave vectors must satisfy:
8
 

 𝑘𝑥 =
2𝜋𝑛𝑥

𝐿
, 𝑘𝑦 =

2𝜋𝑛𝑦

𝐿
, 𝑘𝑧 =

2𝜋𝑛𝑧

𝐿
, (2.12) 
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where 𝑛𝑥, 𝑛𝑦, and 𝑛𝑧are integers. Defining these are useful, allowing one to also define the k-

space density of levels which in turn helps define the Fermi surface, and the number of 

conduction electrons. First, upon examining the requirements on the allowed wavevector 

components, one sees that there is a k-space volume, 𝑉 8𝜋3⁄ , associated with each allowed k-

value.
8,9

 Thus one may define some arbitrary k-space volume, Ω, so that it will have Ω𝑉 8𝜋3⁄  

allowed k-values within it. Now we will consider placing electrons into the states corresponding 

to these allowed k-values. We know from the Pauli exclusion principle and the two electrons 

allowed in each state due to spin, that there will be two electrons per allow k-value. As one 

places N electrons in the lowest available state available, one would assemble a collection of 

occupied k-space values that would occupy some k-space volume, called the Fermi sphere.
8
 It is 

well approximated by a sphere since the energy of an electron has already been shown to be 

directly proportional to the square of its wavevector. Substituting the Fermi sphere in for the 

arbitrary volume, Ω, one obtains Ω =  4𝜋𝑘𝑓
3 3⁄ , where 𝑘𝑓 is the radius of the Fermi sphere in k-

space and defined as the Fermi wavevector.
8
 Allowing one to calculate the number of free 

electrons per unit volume, N, occupying the allow k-values in the Fermi sphere as
8
 

 𝑁 =
2

𝑉
(

4𝜋𝑘𝑓
3

3
) (

𝑉

8𝜋3
) =

𝑘𝑓
3

3𝜋2
. (2.13) 

Similarly there are definitions for Fermi energy, Fermi momentum, and Fermi velocity where the 

value for k is replaced with kf in equations 2.6 – 2.10.
8
 

Phonons are defined in analogy to photons but are effectively normal modes of a crystal 

lattice.
2,8,12

 For a 3D crystal with N atoms there are 3N phonon modes.
8
 From writing 

expressions for the total force exerted on atoms in the lattice, we obtain mass balance equations 

by writing out the force exerted on each atom in terms of derivatives of the chosen 
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potential.
2,5,8,12

 These equations form a series of equations that can be described within a single 

linear algebra equation that is an eigenvalue problem. Upon examination of the eigenvalue 

problem, useful matrices can be defined such as the force constant matrix and the dynamical 

matrix.
8
 The force constant matrix elements are the sum of the second derivative of the potential 

between atoms and the dynamical matrix is the Fourier transform of the force constant matrix.
2,8

 

The dynamical matrix becomes the key to solving the eigenvalue problem, obtaining the phonon 

dispersions (eigenvalues) and their displacement vectors (eigenvectors).
5,8,12

 Thus, diagonalizing 

the dynamical matrix gives the phonon dispersions and phonon displacement vectors, while its 

elements contain the interatomic forces.
2,12

 Phonon mode displacements can be along the 

direction of travel or perpendicular to it, being categorized as longitudinal and transverse 

phonons respectively.
8,9

 However often phonon modes have elliptical phonon displacements that 

have both longitudinal and transverse components.
2
 Furthermore, the displacements of 

neighboring atoms can be in-phase or out-of-phase with each other yielding acoustic or optical 

phonon modes respectively.
8,9

 Acoustic modes are sound waves and typically lower in energy, 

while optical phonon modes often induce a dipole, making them interact with photons and are 

typically higher in energy.
2,12

 

These explanations have been general and apply to phonons in bulk crystals. However, as 

previously established phonons at or near a surface are modified.
2,12

 Surfaces exhibit surface 

waves that only occur at the surface and bulk phonon modes that induce appreciable 

displacements at the surface.
2,5,12

 Early on Lord Reyleigh documented acoustic waves 

propagating along a surface with displacements perpendicular to the surface.
2
 Whether it’s a 

wave in an ocean or land this term, Reyleigh Wave, emerged to describe acoustic waves 

propagating along the surface with transverse polarization perpendicular to the surface.
2
 In fact, 
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within inelastic HAS theory the helium atoms couple to phonon modes via primarily surface 

perpendicular displacements.
2,5

 Furthermore, the kinetic energy of helium atoms is most resonant 

with low energy phonon modes.
2,4

 Thus, inelastic HAS most often excites or annihilates acoustic 

surface modes with transverse displacements perpendicular to the surface, specifically most of 

all Reyleigh waves.
2
 However bulk phonons that occur close enough to the surface to induce 

appreciable displacements at the surface are called surface resonances.
2,5

 In projecting a three-

dimensional phonon mode dispersion onto a two-dimensional surface, a surface resonance band 

is generated.
2,12

 One must consider the effects of compressing a three-dimensional phonon 

dispersion on a two-dimensional reciprocal lattice of the surface. The axis perpendicular to the 

surface is compressed resulting in a phonon dispersion band instead of a curve. The surface 

exclusive phonon mode dispersions can lie below or inside these surface resonance phonon 

bands.
3
 

The electron–phonon coupling (EPC) constant (λ) is a dimensionless constant that 

quantifies the effective strength of electron–phonon interactions in a material.
10

 It has various 

definitions,
2,13

 

 𝜆 = ∑ 𝜆𝑞,𝜐𝑞,𝜐 = 2 ∫
𝛼2𝐹(𝜔)

𝜔
𝑑𝜔 (2.14) 

where q is the wavevector of a particular mode 𝜐, 𝜆𝑞,𝜐 is the electron-phonon interaction of mode 

𝜐 with wavevector q, and 𝛼2𝐹(𝜔) is known as the spectral function. The spectral function 

describes the probability that a particle with momentum k has a specific frequency, 𝜔.
8
 The first 

definition of EPC constant in equation 2.14 is used by the theory that extracted EPC constants 

from HAS data.
14,15

 When referring to EPC definition, the first definition with the sum is the one 

this thesis is referring too. The EPC of a conventional superconductor like niobium causes the 

superconducting state to form. In fact the 𝜆 of a material has been related to superconducting 
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material properties such as critical temperature, superheating field, and superconducting gap.
6,16

 

These superconducting material properties are discussed by SRF cavity scientists in literature, 

allowing discourse on the potential effectiveness of new SRF cavity materials.
17

 This means that 

EPC constants allows one to estimate important benchmark superconducting properties. This will 

be explored and use in more depth in chapters 5 and 6. 

2.3 Supersonic Beams 

Supersonic beams allow one to generate a well collimated beam with a low energy resolution 

relative to effusive beams with a Maxwell Boltzmann distribution.
3,18

 To generate a supersonic 

beam, one must generate a specific type of gas expansion out of the beam nozzle into a 

sufficiently low-pressure region.
3
 In fact, for this expansion to occur the mean free path of the 

particles inside the nozzle must be significantly less than the beam hole diameter.
18

 This causes 

the number of collisions between particles to be near infinite as the gas expands through the 

nozzle, generating a reversible, adiabatic expansion.
18

 This causes the sum of kinetic energy and 

total entropy of the gas.
3,18

 In other words, in an ideal supersonic expansion all entropy is 

converted into directed kinetic energy, causing random kinetic energy of the gas inside the 

nozzle to be directed, narrowing the velocity spread along the beam and diminishing the average 

transverse velocity. Since He is monoatomic, it’s well approximated as an ideal gas with a 

constant heat capacity ratio 𝛾 = 𝐶𝑝/𝐶𝑣, where 𝐶𝑝 and 𝐶𝑣 are the specific heat capacities at 

constant pressure and volume, respectively (𝛾 = 5/3 for He).
18

 In this adiabatic expansion the 

sum of the beam’s enthalpy and kinetic energy along the beamline is conserved, limiting the 

beam velocity (𝑣𝑚𝑎𝑥) and kinetic energy (𝐸𝐵) to
3
 

 𝑣𝑚𝑎𝑥 = √
2𝑘𝐵𝑇0

𝑚
(

𝛾

𝛾−1
) and 𝐸𝐵 = (

𝛾

𝛾−1
) 𝑘𝐵𝑇0, (2.15) 
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where 𝑚 is the mass of a He atom, 𝑘𝐵 is Boltzmann’s constant, and 𝑇0 is the nozzle stagnation 

temperature. The Mach number, 𝑀, of a gas is the ratio of the average speed of the expanding 

gas, 𝑣, to the local speed of sound of the gas, 𝑣𝑏. Using ideal gas approximation and assuming an 

internal beam temperature of 𝑇, 𝑀 can be written as
3,18

 

 𝑀 =
𝑣

𝑣𝑏
= √

𝑚𝑣2

𝛾𝑘𝐵𝑇
. (2.16) 

As 𝑀 increases, 𝑇 decreases and narrows the internal velocity distribution. This is the conversion 

of random kinetic energy to a directed kinetic energy. The beam becomes supersonic when 𝑀 > 

1; this requirement written in terms of the chamber and backing pressure is
18

  

 
𝑃0

𝑃𝑏
≥ [

1

2
(𝛾 + 1)]

𝛾

𝛾−1
. (2.17) 

A higher the Mach number means a beam narrower in velocity and close to complete conversion 

of enthalpy to kinetic energy as described in equation 2.7. As this gas expands into the low-

pressure region, the number of collisions decreases until there are effectively no collisions, 

reaching free molecular flow.
18

 This section of free molecular flow within the supersonic 

expansion is called the zone of silence. It is called this because when there are no atomic 

collisions, sound waves cannot propagate, and the speed of sound is 0. Eventually this zone of 

silence reaches a shock wave formed when the expanding gas collides with the background 

gasses in the low-pressure region.
3,18

 Here the conversion of random kinetic energy to directed 

kinetic energy is scrambled producing a Maxwell-Boltzmann distribution. However, the 

supersonic beam is extracted from the zone of silence by inserting a μm-sized skimmer through 

the shock wave, allowing a small portion of the zone of silence to proceed past the shock wave 

and into a second chamber without the directed kinetic energy being scrambled by a shock 
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wave.
3,18

 Thus, these collimated beams with a narrow velocity spread extracted from the zone of 

silence with a skimmer are called a supersonic beam. 

It is useful to define the energy and De Broglie wavelength of a beam traveling with 

momentum 𝑝, mass 𝑚, velocity 𝑣, and energy 𝐸 may be treated as a wave, with wavelength, 𝜆, 

 𝜆 =
ℎ

𝑝
=

ℎ

𝑚𝑣
=

ℎ

√2𝑚𝐸
, (2.18) 

where ℎ is Planck’s constant.
3,18

 Additionally, the wavevector, 𝑘⃗⃗𝑖, of a beam is related to its 

wavelength via 𝑘𝑖 = 2π/𝜆. Now, using the beam energy after expansion (Equation 2.7) with 𝑇𝑁 

representing beam temperature, the incident energy, 𝐸𝑖, and velocity, 𝑣, of a beam may be 

written as:
3
 

 𝐸𝑖 =
1

2
𝑚𝑣2 =

ℏ2

2𝑚
𝑘𝑖

2 =
5

2
𝑘𝐵𝑇𝑁; (2.19) 

 𝑣 = √
5𝑘𝐵𝑇𝑁

𝑚
. (2.20) 

2.4 Helium Atom Scattering 

Helium atom scattering (HAS) has been utilized since 1930 when Estermann and Stern 

reported the first helium atom diffraction from NaCl and LiF surfaces.
3,19

 Supersonic helium 

beams are suited to study surfaces due to their lack of penetration into the bulk, chemical 

inertness, and remarkably narrow velocity distributions.
2,3,5

 As the helium atom is repelled by the 

electron density at metal surfaces, its turning point is on the order of 3 Angstroms.
2,20

 The de 

Broglie wavelength and narrow momentum distribution of Helium atoms allow for precise 

measurements of the atomic-scale structure.
5,21

 Furthermore, the momentum and energy of 

helium atoms are well-matched to those of surface phonons, giving HAS a unique ability to 

measure and resolve low-energy phonon modes.
2,5,12

 Recently, the role of surface electron-

phonon coupling (SEPC) in the helium-surface scattering event has been elucidated and 
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theoretically described for single phonon modes and thermally excited phonons in the high-

temperature limit of many types of surfaces.
22

 These developments in HAS theory add a new 

capability to measure and study SEPC. 

2.4.1 Elastic Diffraction and Surface Structure 

Upon impulsively scattering from a surface, a supersonic helium beam has sufficient 

wave-particle duality that it diffracts from atomic-scale periodic structures as a photon would 

from a diffraction grating.
5,21

 However, upon impulsively scattering from a surface, a supersonic 

helium beam may elastically or inelastically scatter.
2
 In inelastic scattering, the helium beam 

exchanges its kinetic energy with the surface, while in elastic scattering it does not.
23

 This 

section will focus on the measurables, data analysis, and interpretation of elastically scattered 

helium. To this end, let us define the convention surrounding scattering event variables in Figure 

2.1. 

 

Figure 2.1: Schematic detailing the scattering geometry, vector components, and angle labels. 

The scattering wavevector components in (a) are define with the capital K indicating surface 

parallel components. In (b) the relative angles of a set of arbitrary forward (red, 01) and 

backward (purple, 01̅) diffraction peaks relative to specular (black, 00). 

 

Upon elastic diffraction a helium wave packet will exhibit quantum mechanical 

uncertainty.
5,11,21

 In other words, the possible scattering pathways will interfere with one another, 
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producing a wave interference pattern via constructive and destructive interference. The 

condition at which diffraction peaks are evident can be deduced from the surface’s lattice. This 

relationship is known as, the Von Laue’s diffraction requirement.
8
 Von Laue’s diffraction 

requirement connects the change in momentum of scattered helium to the reciprocal lattice of the 

surface.
8
 Consider a helium wave packet scattering from a surface (Fig. 2.1). We can use the fact 

that constructive interference occurs when the path difference of scattering atoms is an integral 

multiple of the beam wavelength.
9
 We can also use the fact that this path difference is a real-

space lattice vector of the surface. This means that diffraction peaks occur at angles in a 

diffraction for changes in the scattered helium’s surface parallel wavevector that are equal to 

reciprocal lattice vectors at the surface.
8
 This means that for every diffraction peak there is a 

corresponding periodic structure on the surface and the change in momentum of the helium atom 

of the diffraction peak is equal to the reciprocal distance of that periodic structure.
11,21

 The 

diffraction peak momentum can be converted into the real space lattice distance, a, with
1–4

 

 𝑎 =
2𝜋

∆𝐾ℎ𝑘
. (2.21) 

Thus, elastic diffraction measures the surface structure from the change in momentum of 

elastically diffracted helium. Additionally, with similar reasoning, varying the surface 

perpendicular component of the beam’s wave vector, vertical steps between terraces and vicinal 

surface steps are determined as well.
3
 

Beyond diffraction peak location there is much information within a diffraction scan. The 

full-width-half-max of the specular reflection gives – within good approximation – the domain 

size of the surface, quantifying surface order.
3,24

 Furthermore, the width of diffraction peaks also 

indicates the relative order of that periodic structure.
11

 In fact, even the intensity of the 

diffraction peaks gives electronic corrugation at the surface.
21

 If the specular peak is ~50 times 
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larger than the diffraction peak the electron density at the surface is relatively flat indicating a 

metallic surface. Additionally large diffraction peaks relative to the specular reflection indicates 

large electronic corrugation and a nonmetallic surface. Random distributed defects will produce 

a diffuse scattering background that will increase as the quantity of random defects increase.
11

 

In an elastic scattering event, the incident and final energies of the beam are equal: 

𝐸𝑖 = 𝐸𝑓. Assuming a crystalline surface, the Von Laue diffraction requirement states the change 

in momentum between the final, 𝑘⃗⃗𝑓, and incident, 𝑘⃗⃗𝑖, beams must equal a reciprocal lattice 

vector, 𝑔⃗:
3,8,9,21

  

 Δ𝑘⃗⃗ = 𝑔⃗ ⇒ 𝑘⃗⃗𝑓 = 𝑘⃗⃗𝑖 + 𝑔⃗. (2.22) 

Convention defines the surface as the 𝑥– 𝑦 plane with surface normal along the 𝑧-axis. 

Wavevector components parallel to the surface are labeled with capital letters, e.g. 𝑘⃗⃗𝑖 =

(𝐾⃗⃗⃗𝑖, 𝑘𝑖𝑧). In-plane diffraction, where the beam diffracts in-plane (defined by the 𝑧-axis and the 

incident wavevector), is illustrated in Figure 2.2.  The Von Laue diffraction requirement for in-

plane diffraction becomes:
5
  

 Δ𝐾⃗⃗⃗ = 𝐾⃗⃗⃗𝑓 − 𝐾⃗⃗⃗𝑖 = 𝐺⃗ℎ𝑘, (2.23) 

where 𝐺⃗ℎ𝑘 is the sum of reciprocal surface lattice vectors with Miller indices ℎ and 𝑘, as in 

Equation 2.4. Using the angles and wavevector components defined in Figure 2.2(a), the parallel 

momentum transfer Δ𝐾 can be written:
3,4,21

 

 Δ𝐾 = 𝐾𝑓 − 𝐾𝑖 = 𝑘𝑖(sin 𝜃𝑓 − sin 𝜃𝑖) = 𝐺ℎ𝑘. (2.24) 

Helium diffraction peaks occur when Von Laue diffraction requirement is satisfied, and peaks 

are labeled with the Miller indices corresponding to their respective reciprocal surface lattice 

vectors, (ℎ𝑘). Using the known total flight path from the chopper to the post-collisional detector, 
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𝐿𝐶𝐷, elastic travel time 𝑡0, and beam temperature 𝑇𝑁, Equations 2.11 and 2.12 can be rearranged 

to determine the incident wavevector of a beam:
4
 

 𝑘𝑖 =
𝑚𝐿𝐶𝐷

ℏ𝑡0
; (2.25) 

 𝑡0 = √
𝑚𝐿𝐶𝐷

2

5𝑘𝐵𝑇𝑁
. (2.26) 

HAS is very sensitive to surface disorder, and indeed the specular peak, where 𝜃𝑖 = 𝜃𝑓, can be 

used to determine the average domain size of a particular crystal.
25

 The domain size broadening, 

Δ𝜃𝑤, is a convolution of the measured full-width-half-maximum (FWHM) of the specular peak, 

Δ𝜃𝑒𝑥𝑝, and the instrument function broadening, Δ𝜃𝑖𝑛𝑠𝑡: 

 Δ𝜃𝑤
2 = Δ𝜃𝑒𝑥𝑝

2 − Δ𝜃𝑖𝑛𝑠𝑡
2 . (2.27) 

The crystal’s coherence length, 𝑙𝑐, or average domain size, can be found through Δ𝜃𝑤 according 

to the relation
24,25

 

 𝑙𝑐 =
5.54

Δ𝜃𝑤𝑘𝑖 cos 𝜃𝑓
. (2.28) 

 

These capabilities make HAS elastic diffraction an exceptional tool to study surface’s 

atomic scale structure, surface order, defect type and amount, and electronic corrugation. 

Furthermore, it has been utilized to document changes in surface structure, making elastic 

diffraction uniquely suited to study both surface structure and dynamics. 

2.4.2 Inelastic Time-of-Flight and Phonons 

When a helium beam impulsively scatters from a surface it can alternatively exchange 

energy with the surface.
23

 Since a helium atom it has no rotational or vibrational degrees of 

freedom, and its electronic states are far too large, its energy exchange with the surface is 
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entirely from or to the helium atoms’ kinetic energy.
4,23

 In other words, the helium atom’s energy 

exchange with the surface can be completely tracked via the helium atoms changes in kinetic 

energy. The helium atoms kinetic energy and their change in kinetic energy can be measured 

with time-of-flight measurements.
4,23

 For the surface, energy goes to and from the phonon states 

at or near enough the surface.
12,23

 

Within a time-of-flight there is an elastic peak and then peaks that correspond to creation 

and annihilation of phonons at or near enough to the surface. For a single phonon inelastic HAS 

event and the conservation of energy becomes:
23

 

 Δ𝐸 = 𝐸𝑓   − 𝐸𝑖 = ℏ𝜔, (2.29) 

where 𝐸𝑓 and 𝐸𝑖 are the helium beam’s final and initial energies, respectively, and ℏ𝜔 is the 

phonon energy with frequency 𝜔. By using Equation 2.11, this becomes 

 Δ𝐸 =
ℏ2

2𝑚
𝑘𝑓

2 −
ℏ2

2𝑚
𝑘𝑖

2 = ℏ𝜔. (2.30) 

Since inelastic scattering alters the helium energy, 𝑘𝑖 ≠ 𝑘𝑓, so the parallel momentum exchange 

in Equation 2.15 becomes: 

 Δ𝐾 = 𝐾𝑓 − 𝐾𝑖 = 𝑘𝑓 sin 𝜃𝑓 − 𝑘𝑖 sin 𝜃𝑖 = 𝐺ℎ𝑘 + 𝑄, (2.32) 

where 𝑄 is the wavevector for the created or annihilated phonon. 

In fact, from energy and momentum conservation (equations 2.21 and 2.22), a helium 

scan curve can be derived,
4,23

  

 Δ𝐸 =
ℏ2

2𝑚
[

(𝑘𝑖 sin 𝜃𝑖+ΔK)2

sin2𝜃𝑓
− 𝑘𝑖

2], (2.33) 

which describes all energy and momentum conservation allowed scattering pathways that can 

reach the detector for a given set of He scattering conditions. This scan curve can be plotted on a 

suspected phonon dispersion band structure. For some set of scattering conditions where the 
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helium scan curve intersects the true phonon dispersion curve of the surface will yield a time-of-

flight peak. 

 Once one has a single phonon inelastic TOF peak, one can use the simple definition of 

speed and the scattered intensity per unit of flight time to obtain the phonon energy and 

wavevector. The speed, 𝑣, of a particle can be calculated by the distance traveled, 𝐿, and the 

travel time, 𝑡, while it’s kinetic energy, 𝐸, can be written in terms of its speed:
4
 

 𝑣 =
𝐿

𝑡
 and 𝐸 =

1

2
𝑚𝑣2. (2.34) 

In an inelastic scattering event, the speed of the beam changes upon scattering from the surface. 

The speed of the beam before scattering is defined by the time, 𝑡𝐶𝑆, the particle takes to travel the 

distance 𝐿𝐶𝑆 from the chopper to the sample, while the speed after scattering is defined by the 

time, 𝑡𝑆𝐷, the particle takes to travel the distance, 𝐿𝑆𝐷, from the sample to the detector. The 

measured TOF peaks for of elastically and inelastically scattering events are made distinct by 

differing arrival times, 𝑡𝑆𝐷. The flight time of an elastic TOF peak, 𝑡0, readily gives the initial 

energy, allowing for simple kinematics to obtain:
4
 

 𝑡𝑆𝐷 = 𝑡𝐶𝐷 −
𝐿𝐶𝑆

𝐿𝐶𝐷
𝑡0. (2.35) 

 The inelastic TOF peak location, and hence the energy of the created or annihilated 

phonon, is found by using Equations 2.20, 2.24, and 2.25, where 𝑡𝑜𝑏𝑠 = 𝑡𝑆𝐷. Note that, since 𝑡𝐶𝑆 

is always the same for both the elastic and inelastic scattering events, the energy of the phonon is 

given by:
4
 

 ℏ𝜔 = Δ𝐸 = 𝐸𝑓 − 𝐸𝑖 =
1

2
(𝑣𝑓

2 − 𝑣𝑖
2) =

1

2
𝑚 [

𝐿𝑆𝐷
2

(𝑡𝑜𝑏𝑠−
𝐿𝐶𝑆
𝐿𝐶𝐷

𝑡0)
2 −

𝐿𝐶𝐷
2

𝑡0
2 ], (2.36) 

and the momentum of the phonon can be found using Equation 2.22, where 
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 𝑘𝑓 =
𝑚𝐿𝑆𝐷

ℏ(𝑡𝑜𝑏𝑠− 
𝐿𝐶𝑆
𝐿𝐶𝐷

𝑡0)
. (2.37) 

In manipulating TOF spectra, one often converts the spectra from time into velocity and 

kinetic energy. In order to convert the TOF that records intensity as a function of time one must 

consider the nonlinearity of kinetic energy. This nonlinearly means the relative amplitudes of 

inelastic peaks change significantly upon conversion, while the area under a given peak is kept 

constant. The Jacobian of the transformation accounts for the scaling from this nonlinear 

relationship. The intensities measured by the TOF is 𝑓(𝑡𝑜𝑏𝑠) and the distribution as a function of 

change in energy is 𝑓(Δ𝐸), then the number of particles at the detector, 𝑑𝑁—the area under the 

curve—is conserved, and
4
 

 𝑑𝑁 = 𝑓(𝑡𝑜𝑏𝑠)𝑑𝑡𝑜𝑏𝑠 = 𝑓(Δ𝐸)𝑑(Δ𝐸). (2.38) 

Since 

 𝑑𝑣 = −
𝐿𝑆𝐷

𝑡𝑜𝑏𝑠
2 𝑑𝑡𝑜𝑏𝑠, (2.39) 

then 

 𝑑(Δ𝐸) = 𝑚𝑣𝑑𝑣 = 𝑚
𝐿𝑆𝐷

2

𝑡𝑜𝑏𝑠
3 𝑑𝑡𝑜𝑏𝑠 (2.40) 

and the Jacobian becomes: 

 
𝑑𝑡𝑜𝑏𝑠

𝑑(Δ𝐸)
=

𝑡𝑜𝑏𝑠
3

𝑚𝐿𝑆𝐷
2 . (2.41) 

However, the HAS instrument detector used to collect the data in this thesis records number 

density. This becomes significant when considering the finite size of the detector’s ionizer: probe 

particles are ionized by electron bombardment before being detected. Since the time particles 

spend within the ionization volume depends upon their velocity, ionization cross-section varies 

inversely with final particle velocity, 𝑣𝑓, and the corrected scaling factor is given by: 
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 𝑓(Δ𝐸) =
𝑡𝑜𝑏𝑠

3

𝑚𝐿𝑆𝐷
2 𝑣𝑓𝑓(𝑡) = (

𝑡𝑜𝑏𝑠
2

𝑚𝐿𝑆𝐷
) 𝑓(𝑡𝑜𝑏𝑠). (2.42) 

 

2.4.3 Thermal Attenuation of Specular Intensity and Electron-Phonon Coupling 

Before the first HAS diffraction experiments, the thermal attenuation of reflected neutrons, x-

rays, and electrons all had the Debye-Waller (DW) factor. This DW factor adjusts all scattered 

intensities, accounting for both thermal motion of the lattice and helium beam energy. 

Effectively, more lattice motion and higher changes in beam momentum and energy diminish the 

measure HAS intensity. When a surface is heated, thermal energy excites phonons in the lattice. 

This means that the atom positions become increasingly uncertain. Thus, upon heating a surface 

it becomes less ordered and coherent, causing the scattered helium to be less coherent and 

decrease in intensity. When scattering from a surface, if one heats the beam, increasing its 

energy, the helium will have a larger change in momentum when reflecting from the surface and 

as its disturbed its coherence is also seemingly reduced. However, this is also true for inelastic 

scattering where larger magnitude of energy exchange with the surface also diminishes scattered 

intensity. 

Thermal attenuation occurs due to thermally excited phonons disturbing the electron 

density at the surface. This thermal attenuation is described by the following relation, 

 𝐼(𝑇𝑆) = 𝐼(0)𝑒−2𝑊(𝑇𝑆), (2.43) 

where 2W is the DW factor. The traditional definition of the DW factor is 

 2𝑊(𝑇𝑆) =  〈∆𝑘 ∙ 𝑢(𝑇𝑆)〉2, (2.44) 

 where ∆𝑘 is the change in wavevector of the scattered He and 𝑢 is mean squared displacement 

(MSD) of the surface atoms.
26

 Recently, Manson et al. has derived a relationship between 2W 
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and the surface EPC constant via reasonable approximations, yielding the direct proportionality 

for metal surfaces above the surface Debye temperature,
14,15

 

 𝜆𝐻𝐴𝑆  ≅  −
𝑑 ln 𝐼00

𝑘𝐵𝑑𝑇𝑆

𝜙

6𝑍

𝑘𝐹
2

𝑘𝑖𝑧
2 , (2.45) 

where 𝐼00 is the intensity of the specular reflection, 𝜙 is the work function, Z is the number of 

free electrons per atom, 𝑘𝐹 is the Fermi wavevector, and 𝑘𝑖𝑧 is the surface perpendicular (z) 

component of the incident helium incident wavevector. 

The traditional DW factor can be further analyzed by performing the dot product in the 

exponent separating the vectors into the sum of surface perpendicular and surface parallel 

components. Choosing scattering conditions that detector helium pathways have both surface 

perpendicular and surface parallel (anything off specular) components allows one to probe MSDs 

on the surface with anisotropic sensitivity.
4,23

 The DW factor in its traditional definition is useful 

in probing the vibrational dynamics of the surface since it accounts for all the phonons at once 

with some anisotropic sensitivity. Additionally it allows one to predict changes in signal with 

changes in surface temperature and beam energy.  

One must also consider the potential between helium and the surface. Particularly the fact 

that the helium-surface potential has a local minimum before the repulsive part overwhelms it, 

repelling the helium atom.
27

 This helium-surface potential well depth slightly accelerates the 

helium atom prior to impact, and decelerates it by the same amount after impact.
27

 Thus, this 

effect must be taken into account for the DW factor. The Beeby approximation is commonly 

used to correct for this effect, taking into account the acceleration of the helium atom from the 

helium surface potential before scattering. In the Beeby approximation, the potential well depth 

is added to the incident helium beam energy.
27

 This quantity can be related to the DW factor by 



27 

 

expanding the traditional expression for the DW factor with standard kinematics. Upon 

substitution, restriction to specular scattering, and rearrangement, the relation,  

 𝜎 = −
𝑑(2𝑊)

𝑑𝑇𝑆
=  4𝑘𝑖

2 𝑑〈𝑢𝑧
2〉

𝑑𝑇𝑆
[cos2𝜃𝑖 +  

𝐷

𝐸𝑖
], (2.46) 

is obtained, where σ is the negative slope of a DW linear plot, ki is the helium incident 

wavevector, θi is the incident angle relative to surface normal, D is the helium-surface potential 

well depth, and Ei is the helium incident energy.
4,28

 Thus, a fit of DW decay, σ, versus 𝑘𝑖2cos
2𝜃𝑖 

yields the helium-surface potential well depth and the first derivative of the mean-square 

displacement with respect to surface temperature. It is common practice to use the Debye model 

to extract a surface Debye temperature.
28

 

Recall that helium atoms exchange energy with phonons, while they scatter off of the 

electron density. Thus, inelastic helium–phonon scattering events are actually two concerted 

scattering events: helium–electron and electron–phonon. A theoretical description of this 

helium–electron–phonon scattering event has been developed for metals, semiconductors, 

topological insulators, 2D materials, and metallic films to show that the Debye–Waller (DW) 

factor is directly proportional to the SEPC (λS).
22

 The derivation starts from the distorted-wave 

Born approximation, using second-order perturbation theory to define electron–phonon matrix 

elements, and adopting additional yet reasonable approximations.
2,14,15,22

 The DW factor 

describes thermal attenuation of the scattered He intensity and does so as a multiplicative factor 

present in all scattering probabilities.
2,4

 As mentioned, the DW factor originally came from 

neutron and X-ray scattering, accounting for motion of nuclei in the lattice from thermal 

excitation of phonons.
3,4

 However, after being applied to helium atom scattering, the theory was 

developed, and the role of the electron density elucidated.
20

 Simply put, the thermal excitation of 
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phonons at or near enough to the surface perturbs the surface electron density, reducing the 

coherence of the scattered He and measured HAS intensity.
2
 

2.6 Experimental Apparatus and Parameters 

This section details the HAS instrument used to collect scattering data. After covering 

ultra high vacuum (UHV) conditions, the three main sections of the instrument are thoroughly 

covered: the  

 

 

Figure 2.2: Schematic of the He atom scattering apparatus, with instrumentation used in this 

thesis identified. The collimating apertures are labeled in red. 
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beamline, the scattering chamber, and the rotatable detector. Then the crystal preparation 

methods and experimental parameters used in the succeeding chapters. A schematic of the HAS 

instrument is shown in Figure 2.3. 

 

2.6.1 Ultra High Vacuum 

Ultra High Vacuum (UHV) is required for the helium supersonic beam, but also to 

control and manipulate surfaces.  There are various levels of vacuums, summarized in Table 2.1. 

UHV is obtained by going below 1E-10 Torr. This approximately causes <1E-4 monolayers 

(assuming a sticking coefficient of unity) to form per second. Thus, controlling and manipulating 

surfaces requires UHV. At higher pressures more and more gasses collide with the surface – 

sticking, reacting, or dissolving into the crystal. If the experiment only requires short periods of 

surface stability one may be able to make their measurements at higher background pressures. 

Thus, while UHV is the goal and a good benchmark, the optimal background pressure varies for 

each surface and the time demands of each experiment. 

Another reason for UHV is the supersonic beam itself. In fact for scattering experiments, one 

must consider the mean free path of gas particles in the UHV chamber. The mean free path of an 

atom, 𝜆, depends on the background pressure, 𝑃, temperature, 𝑇, and scattering cross section, 𝜎: 

 𝜆 =
𝑘𝐵𝑇

√2𝑃𝜎
. (2.47) 

If the mean free path is larger than the size of the UHV chamber, the helium beam is guaranteed 

to be effectively undisturbed by the background gasses. Additionally, there must be a sufficiently 

decreasing pressure gradient moving from the beamline to the UHV scattering chamber. This 
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eliminates back flow from spontaneous diffusion that will oppose, interfere with, and destroy the 

supersonic beam. 

2.6.2 Beamline 

The beamline generates a supersonic atomic or molecular beam for scattering 

experiments. The beamline consists of three differentially pumped regions: the source region, the 

first differentially pumped chopper region, and a second differentially pumped region that is 

connected to the scattering chamber with a gate valve. Ultra-high purity helium gas is fed into 

the source by a single-stage gas regulator (Airgas, Y11-N198K), with backing pressures between 

300–1400 psi. The helium pressurized within a custom-built elkonite (Cu-W alloy) nozzle, 

expands through a 15 μm Mo circular pinhole (SPI) into the source region. The gas line to the 

nozzle is wrapped around the second stage of a closed-cycle helium refrigerator (Advanced 

Research Systems, DE-202A), while a resistive ribbon heater (Advanced Research Systems, 36 

Ω) wraps around the nozzle and is powered by a PID controller (Lakeshore Cryotronics, Model 

325). These cooling and heating components, along with a Si diode (Lakeshore Cryotronics, 

DT470-SD-13-3S) allow the beam energy to be precisely set and held within ±0.1 K of the set 

point. To ensure the thermal stability of the entire nozzle manifold, a wrapped tent of Mylar 

superinsulation limits thermal loss due to radiative heating. The source manifold can heat the 

nozzle between 50 K and 400 K, which for reference corresponds to experimental helium beam 

energies, 𝐸𝑖, between 11 meV and 86 meV.  

Supersonic beams require high backing pressures, generating very large fluxes in the 

source chamber that require sufficiently high pumping speeds and large throughputs. In fact, the 

source chamber has a base pressure of 1 × 10-7 Torr that increases to the order of 1 × 10-4 Torr 

when a helium beam is pressurized. This difficulty is addressed by equipping the beamline 
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source region with an 8000 L/s diffusion oil pump (Varian, VHS-400) backed by a 750 m3/h 

roots blower (Pfeiffer, WKP 500AM) in series with a 70 m3/h rotary vane pump (Pfeiffer, 

Duo65MC). Upon exiting the source chamber, the expanding gas enters the first differentially 

pumped chopper region through a conical, Ni skimmer (Beam Dynamics, Model 2) with a 

diameter of 0.5 mm and approximately 201 cm away from the nozzle pinhole. The skimmer 

collimates the expanded beam by selecting only its centerline from the zone of silence. This 

position is carefully optimized to minimize shock waves and improve beam energy resolution. 

The first differentially pumped chopper region is pumped by a 700 L/s diffusion oil pump 

(Edwards, Diffstak 160) backed by a 70 m3/h rotary vane pump (Pfeiffer, Duo65MC). As 

named, within this region is a 15 cm-diameter wheel chopper to modulate the beam and start the 

timing for TOF measurements. The chopper is mounted on a linear feedthrough (Huntington, 

VF-108) for an adjustable vertical position. Three different modulation patterns are cut into the 

chopper at a specific radius from the center. Thus, adjusting the vertical position changes the 

chopping pattern. A square-wave pattern (50% duty-cycle) is excellent for background 

subtraction, making it the staple for diffraction experiments. However, TOF experiments require 

much shorter pulses in time and use either the single-shot (1% duty-cycle) or cross-correlation 

(50% duty-cycle) patterns. Single-shot has four trigger slots per revolution and allows for 

highest-resolution TOF measurements with lower intensity, while cross correlation has a 

pseudorandom, 511-bit pattern of openings that increases intensity and signal-to-noise ratios of 

TOF measurements, but approximately halves resolution relative to the single-shot. The wheel 

chopper is powered by a motor (Globe Motors, 75A1003-2) attached to the wheel with high-

vacuum bearings (Barden Precision Bearings, SR4SSTA5). The motor is powered by AC voltage 

from a function generator (Stanford Research Systems, DS335) that is amplified by a stereo 
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amplifier (Bogen, GS150), resulting in chopper wheel speeds of 7–200 Hz. As briefly 

mentioned, TOF timing is initiated by a light pulse from an LED source passing through 

triggering slots in the chopper and sensed by a photon detector. Upon detection, the light pulse 

generates a TTL pulse, triggering the multichannel scaler (MCS) and successive counting 

electronics described in Section 2.6.4. After being chopped in the first differentially pumped 

chopper region, the beam enters the second differentially pumped region through the first 

collimating aperture of the instrument, labeled Aperture 1 in Figure 2.3—a complete list of 

aperture dimensions and placements are given in Table 2.2. This second differentially pumped 

region is pumped by a 135 L/s diffusion pump (Edwards, 

Aperture Aperture Size Distance from Chopper 

Nozzle 15 μm -13.81 cm 

Skimmer 0.5 mm -12.81 cm 

Chopper Variable 0 

Aperture 1 0.89 mm 2.66 cm 

Aperture 2 1.93 mm 22.35 cm 

Sample ~4 mm 49.96 cm 

Aperture 3 4.45 mm 76.88 cm 

Aperture 4 5.56 mm 95.88 cm 

Aperture 5 5.79 mm 103.36 

Ionizer Entrance Plate 6.35 m 105.97 cm 

Filament N/A 107.01 cm 
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Table 2.1 HAS instrument aperture sizes and their distances from the chopper; aperature names 

are consistent with labels in Figure 2.3. 

Diffstak 63) backed by the same rotary vane pump used for the first differential stage. After 

passing through all three beamline regions, the helium beam finally enters the scattering chamber 

through a second aperture and a manual gate valve (Aperture 2 in Figure 2.3). The first two 

apertures collimate the incident beam to a 0.22° angular spread that results in an approximately 4 

mm diameter beam spot size on the crystal. 

2.6.3 Scattering Chamber 

The scattering chamber is a UHV bell jar with a differentially pumped, rotatable lid that 

holds and manipulates the sample as well as equipped with other surface sensitive techniques. 

Scattering chamber pressure is measured with an ion gauge (Varian, UHV-24) and typical base 

pressures of 3 × 10-10 Torr are obtainable post bake. The sample mount is fastened to a hexapole 

manipulator that rotates with the lid and can be positioned for low energy electron diffraction 

(LEED), Auger electron spectroscopy (AES) and crystal sputtering, or HAS experiments. The 

UHV of the scattering chamber is carefully maintained for the supersonic beam and surface 

preparation. The scattering chamber is pumped primarily by a 2400 L/s diffusion pump (Varian, 

VHS-6) backed by a 24 m3/h rotary vane pump (Pfeiffer, Duo20M), with a 10 in right-angle, 

pneumatic solenoid valve separating these pumps from scattering chamber. The diffusion oil 

pump is separated from the right-angle valve by a baffle system cooled by a Freon refrigerator 

(Polycold, PCT-200). Additionally, there is a 60 L/s ion pump (Perkin-Elmer, 2106035), within 

the bell jar on the high-vacuum side of the right-angle valve. This pump is a safeguard that 

maintains vacuum conditions if the right-angle valve closes or the diffusion oil pump 

malfunctions. The ion pump sublimates titanium filaments, depositing titanium metal in a 
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cylinder around the filaments. This titanium film aggressively reacts with any and all background 

gasses, particularly reactive gasses that are hard to pump like water to lower the base chamber 

pressure. The right-angle valve is interlocked with various metrics to protect the chamber from 

potential exposure to the foreline or pump oil. These interlocked metrics are the scattering 

chamber pressure; diffusion pump heater current; diffusion pump temperature, waterline flow, 

and power; foreline pressure; and baffle temperature. If any of these metrics rise above or below 

the set value the right-angle valve will close, protecting the scattering chamber and leaving it to 

be pumped by the ion pump. The sample cooling system, discussed later, further improves 

vacuum conditions through cryopumping. 

The lid of the scattering chamber rests on three concentric, MoS2-coated Teflon spring 

seals (St. Gobain) that form two differentially pumped regions, the inner lid and the outer lid. 

The two layers of differentially pumped regions allow the lid to be rotated while keeping the 

scattering chamber under UHV. The inner lid – closest to UHV chamber – is pumped by a 10 L/s 

ion pump (Gamma, TiTan), while the outer lid is pumped by a 12 m3/h rotary vane pump 

(Pfeiffer, Duo10M). These differentially pumped lid regions also must be vented after the 

scattering chamber is vented. When pumping down, the inner lid first is brought down to rough 

vacuum (~10-5 Torr) by a sorption pump before the inner lid ion pump is turned on. The 

manipulator extends into the scattering chamber from the lid, offset 5 cm from the center of the 

lid and aligned with the geometric scattering center of the instrument. The sample is mounted on 

this six-axis manipulator (Vacuum Generators, HPT2), allowing precise translation along the 𝑥-, 

𝑦-, and 𝑧-axes, rotation in the polar (𝜃) and azimuthal (𝜙) directions, and tilt (𝜒) orientation. The 

manipulator is cooled by a closed-cycle helium refrigerator (Advanced Research Systems, DE-

202P) to temperatures of ~200 K. The second stage of the refrigerator connects to an OFHC Cu 
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bar with a sapphire/In joint, which serves as an anchor for a Cu braid. The Cu braid connects to 

the mount and sample by an OFHC Cu plate behind the crystal. 

Nb surfaces require prohibitively high temperatures to prepare ordered, single crystal 

surfaces. Thus, a new heating and mount system was designed and built. The heater and mount 

system is illustrated in Figure 2.4(a) and shown in Figure 2.4(b). 

 

  

Figure 2.3: (a) Schematic of crystal mounting system viewed from the side; (b) head-on picture 

of Nb(100) crystal installed on the mount. 

 The crystal is mounted on a Mo sample plate with Mo clips and screws. These Mo clips 

and screws which originally were part of a commercial mount (Vacuum Generators). The Cu and 

Mo plates were fastened to the manipulator via Mo threaded rods on alumina bushings (Al2O3) 

for thermal and electrical isolation. The heating mechanism was chosen to be an electron-beam 

(e-beam) generated from a 1%-thoriated W filament. This filament was made by coiling 0.25 

mm diameter wire in the threads of 2-52 screws. The ends of the filament were fastened to Mo 
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rods with Mo nuts (Kimball Physics). The Mo rods supporting the filament were run through a 

Cu plate (filament plate) and attached to Cu leads that lead to a feed through on the lid.  The 

filament plate is placed behind the sample mount on the same threaded rods with Alumina 

bushings to electrically float the filament. In use one end of the filament is grounded manually. 

The filament is powered with a 0–10 A power supply (BK Precision, 1687B) via a vacuum 

feedthrough. While thermally ejected electrons from the filament, an e-beam is not formed 

unless there is a voltage difference to direct it. The sample is placed at a positive voltage relative 

to the grounded filament. Thus, the thermally emitted electrons are accelerated towards and 

strike the sample, heating it. The filament has a line-of-sight to the sample via a hole drilled 

through the Mo sample plate. A 0.5 mm, Cu-Mn-Ni alloy bias wire (Alfa Aesar) is fastened to 

the bottom corner of the Mo sample plate with Mo screws and nuts (DETAILS) and leads to a 

BNC feedthrough in the bell jar lid. The sample bias to direct electrons from the filament is 

powered by a 0–600 V power supply (Sorensen, XG 600-1.4). During experiments the sample 

temperature is monitored by a type-K thermocouple (Omega Engineering) attached to a bottom 

corner of the Mo sample plate, near the bias wire, with Mo screws and nuts. The leads for the 

filament, bias wire, and thermocouple are threaded with alumina beads for electronic isolation. 

Since the Mo sample plate is biased electrically at 0–600 V from ground, the sample 

thermocouple requires conversion by a signal conditioner (Automation Direct, FCT1) before it’s 

temperature can be read by a PID controller (Eurotherm, 2404). Additionally, a pyrometer 

(Advanced Energy, LumaSense IGA 140, MB25L, 350–2500°C) is placed in one of the two 

scattering chamber windows. The larger of the two windows has line-of-sight of the sample 

when the lid is in the Auger position, while the smaller window has line-of-sight to the sample 
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when the lid is near the scattering position. Next, when and how these two thermometers are 

used will be discussed. 

The e-beam heater has two modes of heating: e-beam heating (>800 K) and radiative 

heating (<800 K). Thus, the appropriate thermometry depends upon the temperature range and 

lid position. In e-beam heating the filament is powered with the sample at a positive voltage, just 

as previously discussed. In radiative heating only the filament is powered with a neutral sample. 

When radiatively heating, there is not a focused e-beam, but blackbody radiation emitted from 

the filament in all directions that evenly heats the sample and its Mo plate. Thus, the appropriate 

thermometry depends upon the temperature range and lid position. For radiative heating the 

sample plate is heated evenly by the blackbody radiation, allowing the fastened thermocouple to 

measure the temperature of the plate and the sample. However, when e-beam heating there is a 

temperature gradient between the sample and the corner of the sample plate where the 

thermocouple is fastened. This is calibrated by simultaneously recording thermocouple and 

pyrometer temperatures throughout the e-beam temperature range. The system was let to 

thermally equilibrate for about 5 minutes before these values were recorded. This time was 

determined by observing both temperatures stabilize after about 2 - 5 minutes of reaching the set 

point. With this calibration curve we can convert the thermocouple temperature on the bottom 

corner of the sample plate to a pyrometer reading which is taken as the true sample temperature. 

This allowed the thermocouple to be used to measure the sample temperature while scattering. 

To ensure this calibration was applicable during measurements, the sample mount system was 

always allowed to thermally equilibrate for about 5 minutes prior to measurement. 

Beyond the use of different thermometry, the Eurotherm PID controller would control the 

heater output in various ways. During experiments, the Eurotherm PID controller monitors the 
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calibrated thermocouple and regulates heater output via the filament power (0–5.1 A) while the 

sample bias is manually set (0–600 V). For the experimental set up, the sample temperature 

would be stable within ±1 K of the set point. However, when preparing the sample (in a different 

lid position and temperature range: between 1600 K and 2400 K) the filament is manually set (0–

5.8 A), while the Eurotherm PID controller regulates the heater output via the sample bias (0–

600 V). During sample preparation the temperatures are stable within ±1–5 K of the set point. A 

guided user interface and software program was written and developed in LabVIEWTM 

(National Instruments, LabVIEWTM 2015) to be an interface with the Eurotherm PID controller. 

Sample preparation is monitored with traditional surface analysis equipment by simply 

rotating the lid of the scattering chamber. Crystal structure and azimuthal orientation may be 

confirmed by reverse-view low-energy electron diffraction (LEED) with an integral electron gun 

(Princeton Research Instruments, RV-8-120). Surface quality and composition may be further 

analyzed by Auger electron spectroscopy (AES), with a seperate offset electron gun (Phi, 04-

015) and a double-pass cylindrical mirror precision electron energy analyzer (Phi, 15-255). 

Sample can be cleaned with a sputter gun (Phi, 04-191) positioned near the AES analyzer. The 

sputter gun ionized back-filled Ne gas through a UHV leak valve (Duniway, 9069) and 

accelerates the ions toward the sample to initiate ion bombardment. Scattering chamber partial 

pressures are monitored daily with an installed residual gas analyzer (RGA) (Extrel, RGA300M. 

The scattering chamber connects to the detector with a custom welded UHV bellows and 

a hand-operated gate valve. The next section will discuss the path of scattered helium through the 

rotatable detector. 

2.6.4 Rotatable Detector 
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The He atom enters the first stage of the detector’s differential pumping through a 

collimating aperture (Aperture 3 in Figure 2.3). This region is connected to a 135 L/s diffusion 

oil pump (Edwards, Diffstak 63)—backed by a 12 m3/h rotary vane pump (Pfeiffer, Duo10M) 

common to the entire detector—by a pneumatic gate valve and liquid N2-filled baffle trapping 

system. Additionally, there is a UHV leak valve (Varian, 951-5106) installed in this region that is 

useful for calibration and troubleshooting the detector. After passing through Aperture 4 (Figure 

2.3), the scattered He atom enters the second stage of differential pumping, which houses the 

ionizer and Aperture 5 (Figure 2.3). This stage is pumped by a 200 L/s turbo pump (Pfeiffer, 

TPU170) backed by a 135 L/s diffusion oil pump (Edwards, Diffstak 63) and the rotary vane 

pump. The third stage of the detector contains the quadrupole and is pumped by a 280 L/s 

diffusion oil pump (Edwards, Diffstak 100) backed by the rotary vane pump, which is connected 

to the vacuum region by a pneumatic gate valve and liquid N2-filled trap. The gate valves in both 

the first and third stages of the detector are kept closed unless scattering experiments are in 

progress; when these valves are closed, vacuum is maintained by the turbo pump in the ionizer 

region. The base pressure of the detector after it has been baked, as measured by an ion gauge 

(Varian, UHV-24) in the ionizer region, reaches 1 × 10-10 Torr when both gate valves are open. 

The detection system consists of an axial ionizer (Extrel, 041-1), ion optics, a quadrupole mass 

spectrometer (QMS) rod assembly (Extrel, 7-324-9), and an off-axis channeltron electron 

multiplier (Photonis, 4816). He is ionized by electron bombardment from a hot, 0.005” diameter, 

1%-thoriated W filament with typical emission currents of 11 mA. Electrons are focused on the 

He beam path by a grid biased relative to the ionizer plate; typical settings for the grid and other 

optics, optimized for He ions, are listed in Table 2.2. 
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Detector Parameter Setting 

Ionizer 11 mA 

Ion Energy 57 V 

Electron Energy 191 V 

Extractor 12 V 

Lens 1 15 v 

Lens 2 16 V 

ELFS Plate 137 V 

Electron Multiplier 2900 V 

Table 2.2 Operating currents and voltages for the detector’s ionizer, ion optics, and QMS. 

He ions are extracted, accelerated, and focused into the quadrupole entrance by two 

electrostatic lenses. Radiofrequency and DC voltages are applied across the quadrupole rods—

which filter incident atoms based on mass-to-charge ratios—by a power supply (Extrel, QPS50) 

that interfaces with LabVIEW
TM

 software through a USB data acquisition (DAQ) device 

(National Instruments, USB-6001). The filtered He ions are detected by the electron multiplier, 

which converts the ions into pulses that are between 5–15 mV in height and approximately 5 ns 

wide. These pulses are sent through a 200× fast preamplifier (Ortec, VT120A) before traversing 

a cable to the counting electronics. The pulses then pass through an amplifier and discriminator 

(Phillips Scientific, 771 quad bipolar amplifier with six channel discriminator), which removes 

unwanted background signal and converts the raw pulses to NIM pulses that are 1.6 V tall and 50 

ns wide. A custom-built multichannel scalar converts the NIM pulses to TTL and counts the TTL 

pulses; it is timed by a custom-built CAMAC. The CAMAC is triggered by the chopper and 
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controlled by LabVIEW
TM

 software through a GPIB interface (LeCroy 8901A). The entire 

detector sits on a turntable that rotates through a manual- or computer-controlled motor and gear 

assembly. The angular range of the detector is 38° and is decoupled from the polar angle of the 

sample manipulator: the detector can be scanned across a wide range of final scattering angles 

for each incident scattering angle. LabVIEW
TM

 software is used to interface with the motor 

through an optical encoder and an up-down counter, and the detector rotates with 0.1° precision. 

The overall angular resolution of the instrument, from the chopper to the multiplier, is FWHM = 

0.45°, while the total flight path is approximately 1 m.  

2.6.5 Crystal Preparation and Typical Experimental Parameters 

The Nb(100) crystal was purchased from Surface Preparation Laboratory (Netherlands, 

99.99% purity, ~0.1 cut accuracy) and cut to a 10 mm diameter, 2 mm thick disk. The Nb 

crystal initially showed C, B, and S impurities with AES, which were removed with repeated 

annealing at and flashing to ~1900 K, with 500 eV Ne + used to sputter impurities from the 

surface (𝑃𝑁e ~ 5.5 × 10
-5

 Torr, 3 μA maximum emission). On special occasions when the O 

content of the crystal diminished, the crystal was exposed to backfilled O2 at ~ 4 × 10
-8

 Torr and 

heated to ~1250 K for periods of 5 – 10 minutes. A repeated cycle of annealing, flashing, and 

sputtering continues until after a 1900 K anneal for at least 1 hour, does not bring up impurities. 

Surface order was initially checked with LEED. A representative LEED image is shown in 

Figure 2.5. 
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Figure 2.4: Representative LEED image of the (3 × 1)-O Nb(100) surface after preparation. 

 

As will be covered later, Nb(100) surface reconstructs into a (3 × 1)- O superlattice 

structure. This is evident in the provided LEED image. The BCC of the Nb(100) surface is 

broken by the three fold symmetry along both directions due to 90°- rotated domains. Diffraction 

scans were taken next to verify surface structure and order. These scans are discussed in 

Chapters 3 and 4 were obtained by rotating the detector. The detector collects data at increments 

of 0.2°, which typically lasted ~5 seconds. Square-wave chopping generates open and closed 

(background) signal channels; diffraction scans sum the intensity of the open channel and 

subtracts the sum of background channel intensity generating an intensity value at each 0.2°. The 

incident scattering angle, 𝜃𝑖, is the average of the detector angle, 𝜃𝑑𝑒𝑡, at specular and the 

instrument’s included angle, 𝜃𝑖𝑛𝑐, which is determined by the geometry of the detector (𝜃𝑖𝑛𝑐 = 

54.3° for these experiments). The final angle, 𝜃𝑓, is obtained from the 𝜃𝑑𝑒𝑡 and 𝜃𝑖𝑛𝑐 via the 

relationship: 𝜃𝑓 = 𝜃𝑑𝑒𝑡 − 𝜃𝑖 + 𝜃𝑖𝑛𝑐. The raw data in each diffraction scan is recorded as the 

scattered intensity vs. 𝜃𝑑𝑒𝑡. The x-axis, the 𝜃det, may be converted to Δ𝐾 through Equation 2.15, 
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as long as 𝑘𝑖 is obtained with a TOF spectrum and Equation 2.16. TOF spectra were modulated 

with either the single-shot or cross-correlation chopper modes. In single-shot experiments, the 

chopper wheel spun at 200 Hz with 4 μs channel times, however for cross-correlation 

experiments, the chopper wheel spun at approximately 196 Hz with 10 μs channel times. The 

time length of each scan was dependent upon signal, noise, and resolution. These change for 

various sets of incident and final conditions. Typically, TOF spectra were save in summed 

batches every 20–60 min. If the spectra have poor resolution or signal-to-noise ratio, more TOF 

were taken and summed until sufficient signal-to-noise ratios were obtained. Within a TOF the 

center of the elastic peaks were used to measure the incident beam energy. Inelastic peak times 

were converted to phonon energies and wavevectors through Equations 2.26-27.  
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Chapter 3 

Persistence of the Nb(100) Surface Oxide Reconstruction at 

Elevated Temperatures 

Chapter 3 is an adapted version of the article, McMillan, A. A.; Graham, J. D.; Willson, S. A.; 

Farber, R. G.; Thompson, C. J.; Sibener, S. J. Persistence of the Nb(100) Surface Oxide 

Reconstruction at Elevated Temperatures. Superconductor Science and Technology 2020, 33, 

105012, before peer review or editing, as submitted by A. A. McMillan to Superconductor 

Science and Technology. IOP Publishing Ltd is not responsible for any errors or omissions in 

this version of the manuscript or any version derived from it. The Version of Record is available 

online at https://iopscience.iop.org/article/10.1088/1361-6668/abaec0.
29

 

 

Helium atom scattering and Auger electron spectroscopy (AES) are used to characterize 

the (3×1)-O reconstruction of the Nb(100) surface at elevated temperatures. Persistent helium 

diffraction peaks and specular lineshape analysis indicate that the oxide structure persists, 

apparently unchanged, until surface temperatures of at least 1130 K. In a complimentary 

experiment, AES oxygen to niobium ratios for Nb(100) show little to no change when the 

surface temperature is varied from 300 K to 1150 K. These data inform future development of 

superconducting radio frequency (SRF) cavities. In particular, these findings demonstrate the 

important role that niobium oxides play in the optimization of growth strategies and coating 

procedures for Nb3Sn and other next–generation SRF superconducting alloy materials. 

3.1 Introduction 

Niobium has become the material of choice for modern superconducting radio frequency 

https://iopscience.iop.org/article/10.1088/1361-6668/abaec0
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(SRF) cavities in particle accelerators. Its low surface resistance (RS), high critical temperature 

(TC), and relatively high cavity quality (Q) factor at large fields all have contributed to its current 

use in SRF cavities 
30–33

.  In addition, pure Nb is relatively soft and ductile, which allows it to be 

formed and welded into the cavity geometries required to optimize Q factors and accelerating 

gradients 
30

. Extensive research has been performed on these cavities and enables them to 

operate close to the fundamental limits of Nb 
32–38

. Future progress, then, rests on the 

development of new materials: one of the most promising options is Nb3Sn. Theoretical and 

experimental advances show that Nb3Sn cavities could yield higher Q factors with larger 

accelerating gradients at higher operational temperatures than traditional Nb cavities 
39–44

, 

improving performance while also greatly reducing the cost of infrastructure and cryogens. 

Unlike Nb, there are substantial issues associated with making cavities from Nb3Sn 
32

. 

While its brittle nature and poor thermal conductivity prevent it from being fashioned into a 

cavity directly, thin Nb3Sn coatings formed on Nb have shown promising results 
32,45

. This 

process typically involves coating an existing Nb cavity with Sn, and then annealing at high 

temperatures to form the Nb3Sn thin film at or near the surface 
35,46

. Research into the 

microscopic formation of these thin films is necessary for advancement of SRF technology. 

One complication present in the growth of Nb3Sn thin films is the role of Nb’s native 

oxide layer. Nb is highly reactive to oxygen and its surface usually is covered by one of many 

possible oxide structures, both in air and in vacuum 
47,48

. The oxygen exposures required to reach 

these different oxide structures, as well as the structures themselves, have been well 

characterized 
47–51

. Generally, a thick insulating Nb2O5 layer dominates the surface in air, while 

thin ordered (n×1)-O domains (“ladders”) form readily on a Nb(100) surface after high 

temperature annealing in vacuum 
49,52–54

. As a refractory metal, Nb has a high melting 
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temperature of 2741 K 
55

. The oxygen in Nb starts to desorb as NbO and NbO2 
56,57

 above 1900 

K 
47

 in ultra–high vacuum (UHV), and it is not until Nb is heated above 2500 K that pure, clean, 

oxygen–free Nb is seen 
47,56–60

. The extreme temperatures needed to remove oxygen mean that 

the Nb SRF cavities are coated in an oxide layer, and that the Sn deposited to form Nb3Sn is 

deposited on one of many Nb oxides. The growth morphology of Nb3Sn on Nb is dependent on 

the interaction of Sn with the oxide layer. Thus, a complete, temperature–dependent, microscopic 

understanding of the Nb oxide surface is critical to the development of consistent, well–formed 

Nb3Sn thin films. Such understanding will allow for the development of alloy growth procedures 

with improved overall quality, homogeneity, and stoichiometry, enhancing critical operational 

SRF characteristics in high fields. 

A key, missing factor in the literature is the nature of the Nb oxide surface at elevated 

temperatures. Up until now, studies have been limited to analyses at or below room temperature: 

thermal history and desorption temperatures are known, but the structure and stoichiometry at 

high temperatures has not been elaborated. In Nb3Sn SRF cavity fabrication processes, the Nb 

surface temperature is elevated during Sn nucleation, annealing, and degassing 
32,35,46

. An 

understanding of the Nb oxide surface at elevated temperatures will guide current and new routes 

for improved Nb3Sn cavity production. To our knowledge, this combined helium atom scattering 

(HAS) and Auger electron spectroscopy (AES) study represents the first investigation of the 

Nb(100) oxide ladder structures at elevated temperatures, and it is one of the few in-situ studies 

of metal oxide structures at high temperatures. 

HAS is a unique, nondestructive, surface sensitive technique that elucidates surface 

structure and dynamics 
61

. The helium atoms are neutral probes that scatter off the electron cloud 

a few angstroms away from the surface: the surface is not damaged in any way 
3,4,21

. HAS is 
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particularly suited for examining surface structure at elevated temperatures. Unlike in typical 

low–energy electron diffraction (LEED), where electron bombardment heating presents 

experimental challenges, the neutral helium probe is not affected by the high voltages required 

for electron bombardment. Scanning tunneling microscopy (STM) also becomes very difficult at 

extremely high sample temperatures, due to atomic thermal fluctuations and instrument 

instability 
62

. Debye–Waller attenuation of scattered He does become increasingly more 

important at elevated surface temperatures 
21

, but if the crystal is sufficiently reflective, 

diffracted He signal can be seen above the diffuse scattering background and the surface 

structure obtained. 

3.2  Experimental 

 

3.2.1 Helium Atom Scattering – Methods and Sample Preparation 

The surface structure of Nb(100) was characterized with a UHV HAS apparatus that has 

high momentum and energy resolution. The apparatus has been described in detail elsewhere but 

is summarized here 
63

. The HAS instrument consists of three regions: a differentially pumped 

beam source, a sample chamber, and a rotatable detector arm, resulting in a total helium flight 

path of 1.0701 m (chopper–to–crystal distance of 0.4996 m, crystal–to–ionizer distance of 

0.5705 m). 

The helium was expanded through a 15 μm nozzle that was cooled by a closed–cycle 

helium refrigerator. This generated a nearly monoenergetic (v/v ≤ 1%), supersonic helium 

beam that was collimated into an approximately 4 mm spot on the crystal surface. A mechanical 

chopper modulated the beam prior to collision with the surface; a 50% duty cycle was used for 

angular distributions and a 1% duty cycle for time–of–flight measurements to determine the 

beam energy. The Nb(100) crystal was mounted on a six–axis manipulator that precisely 
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controlled the incident angle, i, the azimuthal angle, , and the tilt, , with respect to the 

scattering plane. Sample temperatures ranging from 300 K to 1900 K were achieved using 

electron bombardment in combination with a closed–cycle helium refrigerator. Reflected helium 

atoms entered a triply differentially pumped, computer–controlled, rotatable detector arm; were 

ionized via electron bombardment; filtered using a quadruple mass spectrometer; and detected 

with an electron multiplier followed by pulse counting electronics. Angular distributions were 

obtained by rotating the detector at 0.2 increments while holding the incident angle and energy 

fixed. The overall instrument resolution was 0.45. The incident helium beam was held at 21 

meV (ki = 6.3 Å
-1

 and Tn = 96.9 K) so that the specular, first–order primitive, and (3×1)-O 

superlattice diffraction peaks could be observed in the same angular distribution.  

Nb(100) was obtained from Surface Preparation Laboratory (Netherlands, 99.99% purity,  

~0.1 cut accuracy) and prepared in the HAS apparatus by cycles of annealing at and flashing to 

1900 K. The primary initial impurities identified by AES were carbon, boron, sulfur, and 

nitrogen. Sputtering with 500 eV Ne
+

 ions removed the boron and sulfur contaminants while the 

combination of annealing and flashing eventually removed the carbon. Annealing and sputtering 

continued until AES analysis showed only niobium and oxygen present on the surface. Flashes to 

1300 K were performed before experiments to remove any trace adsorbates from the crystal 

surface. 

3.2.2 Auger Electron Spectroscopy – Methods and Sample Preparation 

 AES measurements of Nb(100) from Surface Preparation Laboratory (Netherlands, 

99.99% purity, ~0.1 cut accuracy) were performed in a UHV experimental system composed of 

a scanning tunneling microscopy chamber (UHV VT–STM, RHK Technology) and a preparation 

chamber equipped with AES capabilities, as previously described 
52

. The Nb(100) crystal was 
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cleaned via repeated cycles of Ar
+
 ion sputtering and electron bombardment annealing at a 

sample temperature (TS) of approximately 2100 K, as measured using a Mikron Infrared (MG–

140) pyrometer. Surface cleanliness was confirmed by AES and STM analyses, which showed 

the characteristic (3×1)-O superlattice with no surface contaminants 
49,52,64

. 
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Figure 3.1: Representative diffraction spectrum for He on (3×1)-O/Nb(100) along the <100> 

symmetry axis as a function of parallel momentum exchange. 

 

3.3  Results and Discussion 

3.3.1 Helium Diffraction 

After preparation in vacuum, the Nb(100) surface reconstructs into a (3×1)-O ladder 

structure, as observed elsewhere 
52

. Figure 3.1 shows an angular distribution of helium back–

scattered from the Nb(100)/(3×1)-O surface along the <100>, (Γ − X) azimuthal direction. The 

diffraction spectrum was taken at a surface temperature of 360 K with an incident angle of i = 

35.2. The reproducibility of the surface was confirmed through repeated scans at TS = 360 K 

after flashing the crystal to 1300 K. Three diffraction peaks are resolved clearly: a zeroth–order 

specular peak (i = f) at K = 0 Å
-1

, a first–order, (01) diffraction peak at K = -2.0 Å
-1

 (f = 
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14.7), and a (3×1)-O superlattice, (0
4

3
) diffraction peak at K = -2.6 Å

-1
 (f = 9.1). These 

elastic diffraction peaks arise when the requirements for Bragg diffraction are satisfied, such that 

 

Figure 3.2: Representative diffraction spectrum for He on (3×1)-O/Nb(100) along the <110> 

symmetry axis as a function of parallel momentum exchange. 

 

∆𝐾 = 𝑘𝑖(sin 𝜃𝑖  − sin 𝜃𝑓) = 𝐺𝑚𝑛,        (4.1) 

where K is the change in the surface–parallel component of the helium wavevector ki; i and f, 

respectively, are the initial and final scattering angles relative to the surface normal; and Gmn is a 

linear combination of surface reciprocal lattice vectors. From the first–order, (01) diffraction 

peak, the Nb–Nb lattice spacing was determined to be 3.08  0.02 Å, which corresponds 

favorably to surface lattice constants found through LEED measurements 
49

. The diffraction peak 

at K = -2.6 Å
-1

 was identified as (3x1)-O superlattice peak, since its K value is approximately 
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4

3
 times that of the (01), primitive peak. This also aligns with previous LEED studies that show 

the (3x1)-O superlattice structure 
49

. The intensities of both the (01) and (0
4

3
) peaks are far 

greater than that of the specular peak, which is in contrast to HAS from the bare Nb(100) surface 

and  

 

Figure 3.3: Width analysis of a specular (i = f) He diffraction peak on (3×1)-O/Nb(100) along 

the <110> symmetry axis, plotted vs. final scattered angle (f). The solid red line is a Gaussian 

fit to the coherent elastic peak, the dashed red line is a Gaussian fit to the diffuse elastic and 

multiphonon background, and the solid black line is the overall fit to the data (black crosses). 

The narrow, coherent elastic peak (solid red line) has a FWHM of 0.54  0.01. 

 

suggests an increase in surface corrugation as a result of the ladder structure 
60,65

. 
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The angular distribution of the <110>, (Γ − M) azimuthal direction was determined and 

is shown in Figure 3.2 at TS = 360 K. In this direction, the specular peak is far more intense than 

in the <100> direction, again indicating a high surface corrugation. The small, secondary 

specular peak can be attributed to surface faceting from the anneal process and was ignored in 

analysis 
60

. The peak at K = -2.7 Å
-1

 corresponds to the (11)  diffraction peak. 

The high intensity of the specular peak in the <110> direction allowed us to analyze the 

 

Figure 3.4: Decay of diffraction spectra for He on (3×1)-O/Nb(100) along the <100> symmetry 

axis as a function of surface temperature, plotted vs. parallel momentum exchange. 

 

peak lineshape with minimal contributions from the diffuse elastic and multiphonon background 

seen in the <100> direction. The helium beam strikes the surface with a 4 mm spot size, 

averaging over many atomically flat terraces. The average width of these terraces has been 
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shown to be approximately equal to the coherence length, lc 
25,66

. The specular peak broadening 

from the average domain size, w, can be found through a deconvolution of the measured 

specular peak full width half maximum (FWHM), exp, and the instrument function broadening, 

inst: 

  ∆𝜃𝑤
2 = ∆𝜃𝑒𝑥𝑝

2 − ∆𝜃𝑖𝑛𝑠𝑡
2 .        (4.2) 

The coherence length then can be determined through the equation 
66

, 

     𝑙𝑐 =
5.54

∆𝜃𝑤𝑘𝑖 cos(𝜃𝑓)
.             (4.3) 

Figure 3.3 shows the fitting function used to determine the width of the specular peak. The 

 

Figure 3.5. Decay of diffraction spectra for He on (3×1)-O/Nb(100) along the <110> symmetry 

axis as a function of surface temperature, plotted vs. parallel momentum exchange. 
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normalized peak was fit with one sharp Gaussian function for the coherent elastic signal and one 

broad Gaussian for the diffuse elastic and multiphonon background signal 
67

. With an overall 

instrument resolution of 0.45 and a measured specular FWHM of 0.54  0.01, the average 

domain size was found to be 210  10 Å. 

 Diffraction spectra in the <100> direction, as a function of increasing temperature, are 

shown in figure 3.4. Surface stability at each temperature was determined by immediately 

repeating each scan; the identical scans indicated that the surface structure was unchanging. 

While the specular peak is enveloped by the background at around 1053 K, the (01) and (0
4

3
) 

diffraction peaks are visible up to at least 1130 K, at which point the peak intensities are lower 

than the detected background.  

 

Figure 3.6: FWHM of Gaussian fits to the coherent elastic portion of specular (i = f) He 

diffraction peaks on (3×1)-O/Nb(100) along the <110> symmetry axis, plotted vs. surface 

temperature. All peaks were fit with two Gaussians, as illustrated in figure 3. Dotted line is to 

guide the eye. 
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Temperature dependent spectra in the <110> direction are shown in figure 3.5. Spectra 

were recorded as a function of increasing temperature, except for the spectrum taken at 550 K, 

which was taken after a 1900 K flash. The specular intensities at five different surface 

temperatures were fit in a similar manner to that shown in figure 3.3, and the FWHM of each 

coherent elastic peak is shown in figure 3.6. HAS lineshapes are very sensitive to surface 

disorder 
21,65

; any oxygen dissolution or disorder caused by the elevated temperatures would 

dramatically increase the width of the specular peak. Instead, the width stays nearly constant as a 

function of surface temperature up to 1210 K, as seen in figure 3.6. This, in addition to the 

existence of the superlattice diffraction peak in figure 3.4 at 1130 K, indicate that the (3×1)-O 

superlattice remains unchanged on the Nb(100) surface up to at least 1130 K, and presumably up 

to at least 1210 K. 

 

Figure 3.7: O/Nb AES ratios taken at Ts between 300 K and 1150 K.  There is no significant 

decrease in O content on Nb(100) below 1200 K. Dotted line is to guide the eye. 
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3.3.2 Auger Electron Spectroscopy 

 A second Nb(100) single crystal was prepared in a separate UHV experimental system, 

which resulted in the (3×1)-O superlattice structure 
52,68

. In order to determine the concentration 

of surface oxygen on Nb(100) at elevated temperatures, a ratio of the peak–to–peak intensities of 

the principle O and Nb peaks were obtained, at 519 eV and 169 eV, respectively 
69

, for TS 

ranging from 300 K to 1150 K. The O/Nb ratios displayed in figure 7, plotted as a function of TS, 

quantitatively describe the surface composition at elevated surface temperatures. To our 

knowledge, this is the first AES data demonstrating the effects of thermal annealing on oxidized 

Nb samples that capture the surface composition at these high temperatures. 

 Across the entire temperature range studied in this work, the O/Nb ratio is stable, 

providing evidence for a constant surface oxygen concentration up to 1150 K. The near surface 

does not lose oxygen from the thermal annealing 
52

, even though the subsurface oxygen content 

may vary due to the cleaning procedure and the amount of oxygen in the bulk, as seen by slight 

fluctuations in the O/Nb ratio at TS = 300 K. The average measured Auger peak intensities did 

not change as a function of primary beam exposure time, indicating that the AES experiments 

did not modify the surface elemental composition over the course of data collection. 

Furthermore, the Nb(100) surface was analyzed by in-situ, room temperature STM following the 

AES measurements. The STM work confirmed that the surface remained covered by the 

characteristic (3×1)-O superlattice and that the sample was not damaged by the high temperature 

AES measurements. Residual gas analyzer spectra indicated that the oxide did not desorb within 

the studied temperature range, so any observed reduction in the O/Nb ratio would be a result of 

oxygen dissolution into the bulk crystal. However, based on the AES O/Nb ratios detailed in 



58 

 

figure 3.7, there is no evidence of appreciable oxygen dissolution below 1200 K. This AES 

analysis confirms the HAS measurements that show no appreciable oxygen dissolution or 

disorder within the TS range studied. 

 

3.4  Conclusion 

 Helium atom scattering and Auger electron spectroscopy provide evidence for the 

continued existence of a (3×1)-O ladder structure on the Nb(100) surface until at least 1130 K 

and, to our knowledge, this work is the first investigation of the niobium oxide surface at 

elevated temperatures. Helium diffraction peaks from the oxide structure were persistent until 

1130 K, and the specular peak lineshapes indicated little to no surface disorder up to 1210 K. 

The constant AES oxygen to niobium peak ratios of Nb(100) also indicated that oxygen did not 

leave the surface either through dissolution or evaporation until above 1200 K, consistent with 

previous studies 
47,49

. The unvaried oxide reconstruction at the investigated high temperatures 

informs future SRF cavity research and development. The next–generation method of coating 

Nb cavities with a thin film of Nb3Sn involves an initial nucleation step where the surface is held 

at about 770 K 
32

, below the 1130 K threshold measured here. Our research shows that Sn is 

nucleating on an oxide, not on bare Nb. This further illuminates the role of oxygen in the Sn 

deposition and cavity optimization processes. The oxide structure above 1130 K—including at 

approximately 1375 K 
32

 where the Sn–coated cavities are annealed—is still unknown, and would 

bring similarly interesting information to the discussion on SRF cavity production. Additional 

unanswered questions include Sn mobility, long–term stability, the mechanisms and kinetics for 

Sn incorporation into the Nb substrate, and the development Nb3Sn alloy materials with lower 

defect concentrations and higher chemical and spatial uniformity. These questions need to be 
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addressed to realize the SRF community’s ambitious goal to successfully implement this 

promising alloy in next–generation accelerator applications. 
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Chapter 4 

A Combined Helium Atom Scattering and Density-Functional 

Theory Study of the Nb(100) Surface Oxide Reconstruction: Phonon 

Band Structures and Vibrational Dynamics 

Chapter 4 is reproduced from McMillan, A. A.; Thompson, C. J.; Kelley, M. M.; Graham, J. 

D.; Arias, T. A.; and Sibener, S. J. A Combined Helium Atom Scattering and Density-Functional 

Theory Study of the Nb(100) Surface Oxide Reconstruction: Phonon Band Structures and 

Vibrational Dynamics. J. Chem. Phys. 156, 124702 (2022) with the permission of AIP 

Publishing. Copyright 2022 The Journal of Chemical Physics.
70

 

 

Helium atom scattering (HAS) and density-functional theory (DFT) are used to characterize 

the phonon band structure of the (3 × 1)-O surface reconstruction of Nb(100). Innovative DFT 

calculations comparing surface phonons of bare Nb(100) to those of the oxide surface show 

increased resonances for the oxide, especially at higher energies. Calculated dispersion curves 

align well with experimental results and yield atomic displacements to characterize polarizations. 

Inelastic helium time-of-flight measurements show phonons with mixed longitudinal and shear-

vertical displacements along both the <100>, ΓX and <110>, ΓM symmetry axes over the entire 

first surface Brillouin zone. Force constants calculated for bulk Nb, Nb(100), and the (3 × 1)-O 

Nb(100) reconstruction indicate much stronger responses from the oxide surface, particularly for 

the top few layers of niobium and oxygen atoms. Many of the strengthened bonds at the surface 

create the characteristic ladder structure, which passivates and stabilizes the surface. These 
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results represent, to our knowledge, the first phonon dispersion data for the oxide surface and the 

first ab initio calculation of the oxide’s surface phonons. This study supplies critical information 

for the further development of advanced materials for superconducting radiofrequency cavities. 

4.1  Introduction 

Particle accelerators are used in a wide range of disciplines, including high-energy 

particle physics, chemistry, free-electron laser (FEL) science, and materials science, as well as in 

medical and industrial applications.
37,71

 High-energy accelerators propagate large, 

radiofrequency (RF) electromagnetic fields within superconducting RF (SRF) cavities to 

generate and control beams of charged particles.
72

 These RF fields, however, only penetrate 

through the first ~100 nm of the cavity surface: SRF cavity performance is controlled by the 

chemistry and quality of the surface.
33

 To lower RF surface resistance (𝑅𝑠), minimize power 

loss, and optimize performance, the surface preparation of the SRF cavity must be designed and 

implemented carefully. 

Oxidized niobium surfaces are the current industry standard for SRF cavities. Nb has the 

highest critical temperature of elemental superconductors (𝑇𝑐 = 9.3 K) and has low RF surface 

resistance at operating temperatures of about 2 K.
30,32,38,73

 Additionally, Nb is thermally 

conductive and malleable; it can be cooled effectively and formed into SRF cavity shapes.
30,74

 

High-energy particle accelerator facilities, such as those at Fermi National Accelerator Lab and 

the European Council for Nuclear Research (CERN), require a large series of SRF cavities to 

produce intense and accelerated beams—these series are up to tens of km in length.
74–76

 Due to 

their extreme size and an operational temperature (~2 K) below helium’s boiling point (4.2 K), 

the accelerators require extremely costly cryocooling systems, maintenance facilities, and 

staff.
32,77

 Further developments in cavity surface preparation techniques, and even new surface 
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materials, are needed to improve accelerator performance, raise operating temperatures, and 

lower operational costs.
32,35,37

 

Nb has a strong affinity for oxygen. When exposed to air, Nb’s surface forms an oxide 

layer that may be altered by temperature treatments but will return persistently, implying that Nb 

components in accelerators are covered by an oxide layer.
47,48

 Due to the penetration depth of RF 

fields, changes in the oxide significantly affect the chemistry of SRF cavity treatments and 

resulting cavity performance.
33

 To gain a thorough and accurate understanding of the interfacial 

mechanisms driving the performance and development of SRF cavities, we first must investigate 

the chemistry, structure, and dynamics of oxidized Nb surfaces. The structures of the oxides 

formed on Nb(100), Nb(110), Nb(111), and polycrystalline Nb have been well characterized, 

especially at low temperatures.
48,49,51–54,56,68,78–81

 Very recently, helium atom scattering (HAS) 

and Auger electron spectroscopy (AES) were used to characterize the evolution of the oxide 

surface at elevated temperatures, showing that the (3 × 1)-O reconstruction of the Nb(100) 

surface is stable up to at least 1130 K.
82

 However, oxide surface dynamics on this material have 

not yet been reported. The (3 × 1)-O Nb(100) surface provides an ideal system to begin 

investigating the chemistry of Nb oxide surfaces, and this study of the surface’s phonon band 

structure provides information needed to refine current and develop new materials for SRF 

cavities. 

Atomic and molecular beam scattering have been used to investigate the structure and 

vibrational dynamics of surfaces since the 1920’s.
83

 Supersonic He beams are suited to study 

surfaces due to their lack of penetration into the bulk, inertness, and unusually narrow velocity 

distributions.
3,4,22,61,84

 He atoms’ momentum and energy are well matched to those of surface 

phonons, giving HAS a unique ability to measure and resolve low-energy phonon 
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modes.
3,4,21,22,61,84,85

 These modes, particularly the Rayleigh mode, are sensitive to changes in 

surface interatomic forces and bonding.
2
 In previous studies, the phonon dispersions of bulk Nb 

and the bare Nb(100) surface were studied with neutron and He atom scattering, respectively, as 

well as fit to lattice dynamical calculations.
60,86,87

 Neutron scattering revealed unusual phonon 

anomalies for bulk Nb modes along high-symmetry directions.
60,86–89

 These phonon dispersion 

curves were best fit by a model which includes electronic degrees of freedom, indicating that the 

anomalies are caused by electron-phonon coupling.
60

 Additionally, Kohn anomalies along low-

symmetry directions also point to electron-phonon interactions.
88,89

 The previous HAS study of 

Nb(100) surface modes shows no such anomalies, but measurements were confined to the first 

half of the Brillouin zone (BZ) due to experimental limitations. Furthermore, the discrepancy 

between the force-constant model used and the experimental data prompted the authors to 

conclude that a first-principles theoretical approach would be needed to describe the surface 

accurately.
60

 

Unlike for insulators, the interaction between scattered He atoms and the conduction 

electrons in a metal must play a large role in any successful theoretical model. The He-surface 

potential is softened relative to that of ionic crystals, while energy exchange with surface 

phonons is mediated by surface electrons.
2
 Density-functional theory (DFT) is a first-principles 

approach that can create a lattice-dynamical model that includes the role of free electrons in 

interatomic forces.
2
 By reframing the quantum many-body problem into an auxiliary system of 

independent electrons interacting in an effective potential, while treating the atomic nuclei 

classically, calculating the dynamical matrix and surface phonon dispersions for the (3 × 1)-O 

reconstruction of the Nb(100) surface becomes feasible.
90

 In addition, DFT can provide ab initio 

estimates to quantify the extent of the electron-phonon interaction for a given phonon mode, 
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which correlates directly with the intensity of inelastically scattered He for that phonon.
2
 

This combined HAS and DFT study investigates the phonon band structure of the (3 × 1)-

O Nb(100) reconstruction, in addition to the band structures of bulk Nb and the bare Nb(100) 

surface. The first-principles description of the surface phonon dispersion curves makes clear how 

the oxide affects phonon polarizations and interatomic forces, and it contributes to a 

fundamental, chemical understanding of the crystalline and polycrystalline oxidized Nb surfaces. 

This study provides needed atomic-scale information to the wider SRF community and aids the 

development of materials for Nb SRF cavities. 

4.2  Experimental 

 

4.2.1 Helium Atom Scattering 

We performed measurements with an ultra-high vacuum (UHV) HAS apparatus that 

provided high angular and energy resolution. A brief overview of the instrument is included here 

but has been reported in detail elsewhere.
63

 There are three main regions of the HAS instrument: 

a differentially pumped beam source, a sample chamber, and a differentially pumped, rotatable 

detector arm. The He beam was generated by expansion through a 15 µm nozzle that was cooled 

by a closed-cycle He refrigerator. After passing through a skimmer, the beam was modulated by 

a mechanical chopper before colliding with the surface. The resulting supersonic He beam was 

nearly monoenergetic (∆𝑣/𝑣 ≤ 1%) and hit the 1 cm sample with an approximately 4 mm spot 

size. A triply differentially pumped, computer-controlled, rotatable detector arm collected the 

reflected He atoms. The atoms were ionized by electron bombardment, filtered using a 

quadrupole mass spectrometer, and detected with an electron multiplier followed by pulse 

counting electronics. A total He flight path of 1.070 m was used to maximize intensity and 
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resolution. Chopper-to-crystal distance was 0.500 m, with a crystal-to-ionizer distance of 0.571 

m. 

We took elastic diffraction data with a beam modulated by the chopper in a square-wave 

pattern, with a 50% duty cycle. Angular distributions were obtained by rotating the detector at 

0.2° increments while holding the incident angle and energy fixed, with an overall instrument 

angular resolution of 0.45°. We collected elastic and inelastic time-of-flight (TOF) spectra by 

chopping the beam with either a 50% duty cycle for cross-correlation analysis—a pseudorandom 

511-bit sequence of openings in the chopper wheel that increases signal-to-noise ratios—or with 

a single-slit, 1% duty cycle pattern.
91

 TOF spectra often were taken multiple times under 

identical conditions and added to form composite spectra with increased signal-to-noise. 

The Nb(100) crystal was mounted on a six-axis manipulator within the HAS instrument’s 

sample chamber. This manipulator afforded precise control over the incident angle, 𝜃𝑖, azimuthal 

angle, 𝜙, and tilt, 𝜒, with respect to the scattering plane. Electron bombardment heating and a 

closed-cycle He refrigerator modulated the sample temperature within a range of 300 K to 1900 

K. Surface Preparation Laboratory (Netherlands) provided the Nb(100) sample (99.99% purity, 

∼0.1° cut accuracy), which we then cleaned in the HAS instrument by cycles of annealing at and 

flashing to 1900 K, in addition to sputtering with 500 eV Ne
+
 ions (3 µA maximum). Impurities 

identified by in-situ AES were C, B, S, and N; these were removed by the combination of 

annealing, flashing, and sputtering. We continued the cleaning cycles until only Nb and O were 

present on the surface, as confirmed by AES, and until the surface was smooth enough for high-

intensity He diffraction. Due to the annealing, flashing, and sputtering process described above, 

the (3 × 1)-oxide reconstruction forms naturally and spontaneously. The creation of the oxide has 

been well documented: when a Nb crystal is annealed or flashed above 600 K, the native, thick, 
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Nb2O5 layer reduces to NbO2 and then NbO.
92–94

 Annealing Nb(100) between 870 K and 1970 K 

causes the (3 × 1)-O ladder structure to form spontaneously;
49

 bare Nb is not seen with anneal 

temperatures lower than 2500 K.
49,52

 We confirmed the presence of the ladder structure through 

AES peak ratios, LEED spectra, and HAS. During data collection, the Nb sample periodically 

was flashed to about 1200 K to eliminate unwanted surface adsorbates. 

4.3 .2 Density-Functional Theory 

 We calculated electron and phonon properties of Nb and NbO with DFT using the open-

source plane-wave software JDFTx.
95,96

 The electronic states for the outer electrons of Nb 

(4p
6
5s

2
4d

3
) and O (2s

2
2p

4
) were calculated by treating exchange and correlation effects with the 

PBE-sol functional and applying the corresponding ultrasoft pseudopotentials parametrized for 

the functional.
97,98

 All DFT calculations presented in this paper employ an electronic cutoff 

energy of 20 hartree, with a 200 hartree charge density cutoff. Electronic properties for bulk 

BCC niobium were calculated by sampling 18
3
 𝑘-points in the Brillouin zone and solving for 15 

bands, with electron occupancies corresponding to a Fermi function at an effective electron 

temperature of 5 mH. With these parameters, we calculated the lattice constant of Nb to be 3.27 

Å, in excellent agreement with the experimental measurement of 3.29 Å.
52

 The surface 

calculations for cubic Nb(100) and (3 × 1)-O Nb(100) sampled 12 × 12 × 1 and 3 × 9 × 1 𝑘-

points in the respective Brillouin zones, and electronic occupancies for both systems were 

calculated using an effective electron temperature of 20 mH. A 10-layer slab was used to 

calculate the properties of Nb(100) and an asymmetric 8-layer slab was used for (3 × 1)-O 

Nb(100), with the oxide on one surface and bare Nb(100) on the opposite surface. Using this 

asymmetric cell, we tested the bare Nb surface of the (3 × 1)-O Nb(100) system against the bare 

10-layer Nb(100) slab to ensure that relevant properties converged. To model the experimental 
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oxide surface, whose structure is dominated by a 3 × 1 motif, we introduced surface lattice 

vectors that are 3 × 1 lattice constants across and allowed the surface vectors of the slab to relax. 

The surface lattice vectors of the 8 layer (3 × 1)-O Nb(100) slab relaxed between the lattice 

constants of bulk Nb (3.29 Å) and NbO (2.99 Å); specifically, to values of 3.21 Å and 3.14 Å for 

the threefold and onefold vectors, respectively.
68

 The resulting phonon frequencies of the (3 × 1)-

O Nb(100) slab are real-valued, ensuring that our finite system is dynamically stable. To 

accommodate the minor differences between the DFT and experimental lattice vectors, the 

reciprocal space plots reported in this paper that compare theory to experiment reference the 

Brillouin zone in lattice units. 

We calculated phonon properties using the finite-difference supercell method, perturbing 

atoms by ~0.4–0.5 𝑎0 to calculate the real space interatomic force constant matrix directly.
99

 

Adequate supercell sizes were 6 × 6 × 6 for bulk BCC niobium, 3 × 3 × 1 for cubic Nb(100), and 

1 × 3 × 1 for (3 × 1)-O Nb(100). Properties of the coupled electron-phonon systems required fine 

𝑘-space samples for accurate calculations of the scattering integrals; we calculated phonon 

linewidths by transforming into a maximally localized Wannier function (MLWF) basis to 

sample the Brillouin zone with the Monte Carlo method.
100

 

 

4.5  Theoretical Background 

Niobium is a conventional superconductor.
73

 Its properties can be described reasonably 

well within the Bardeen-Cooper-Schrieffer (BCS) theory of superconductivity, and its electrons 

condense into Cooper pairs via the electron-phonon coupling (EPC) mechanism.
101

 Theoretical 

predictions are improved by applying the higher order Eliashberg theory within a DFT 

framework to calculate EPC explicitly.
99,102,103

 By transforming into an MLWF basis, we 
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calculate directly how electrons couple to various lattice distortions to extract the quantities 

relevant in predicting inelastic He-scattering rates.
104

 Specifically, we employ perturbation 

theory and calculate the overlap of the perturbing electron-ion potential between the unperturbed 

electronic states in order to calculate explicitly the electron-phonon matrix elements within 

DFT:
105

 

 𝑔
𝑛𝒌, 𝑛′𝒌+𝒒

𝒒𝜈
= (

ℏ

2𝑀𝜔𝒒𝜈
)

1

2
⟨𝜓𝑛′,𝒌+𝒒 |

𝑑𝑉𝑒−𝑖

𝑑𝑢𝒒𝜈
∙ 𝜖𝒒̂𝜈| 𝜓𝒒𝜈⟩, (4.1) 

where 𝑢𝒒𝜈 and 𝜔𝒒𝜈 are the atomic displacements and frequencies, respectively, for the phonon 

mode 𝜈 with crystal momentum 𝒒 and polarization vector 𝜖𝒒̂𝜈, and 𝑀 is the ion mass. 

The above matrix elements connect to inelastic He-scattering rates through the phonon 

linewidths and the dimensionless EPC constants. Specifically, the phonon linewidths, or 

equivalently, the inverse phonon lifetimes, are defined as:
106

 

 𝛾𝒒𝜈 = 2𝜋𝜔𝒒𝜈 ∑ ∫
𝑑3𝑘

(2𝜋)3
|𝑔

𝑛𝒌,𝑛′𝒌+𝒒

𝒒𝜈
|

2

𝛿(𝑒𝒒,𝑛 − 𝑒𝐹)𝛿(𝑒𝒌+𝒒,𝑛′ − 𝑒𝐹)𝑛,𝑛′ . (4.2) 

These linewidths then determine the dimensionless EPC constants, 

 𝜆𝒒𝜈 =
𝛾𝒒𝜈

𝜋ℏ𝑁(𝑒𝐹)𝜔𝒒𝜈
2 , (4.3) 

where 𝑁(𝑒𝐹) denotes the electronic density of states at the Fermi level. 

Finally, to estimate HAS signal intensities, we follow the theoretical frame of Benedek et 

al. and estimate the inelastic scattering probability to be proportional to 𝜆𝒒𝜈, but instead of using 

an approximate analytic form for the surface electron-phonon matrix elements, we calculate the 

matrix elements ab initio directly in an MLWF basis using DFT.
14,107–110

 In order to better probe 

the surface-specific phonon characteristics measured by HAS, we project the mode-selected EPC 

constants onto the 𝑧-displacements of the corresponding phonon polarization vector, while 
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including the exponential decay of the He wave functions into the material, and define the 

surface-projected EPC constants as: 

 𝜆̅𝑸𝜈 ∝ ∑ |𝑒α=𝑧(𝑸ν)|2
𝑸ν,κ 𝜆𝑸ν 𝑒𝑥𝑝(−𝛽𝑧κ) δ(𝐸 − ℏω𝑸ν). (4.4) 

Here, 𝜅 labels the atoms, 𝑧 represents the atoms’ distance beneath the surface, 𝛽 is the helium 

decay softness parameter, and 𝐸 is the energy transfer of the He atom. The above expression is 

written as a proportionality because here we do not include factors, such as additional matrix 

elements, that are considered to be energy- and wavevector-independent.
14,108,109,111

 Following 

standard distorted-wave Born approximations of atom-surface potentials, we estimate the 

softness parameter, 𝛽, for Nb(100) to be ~2.1 Å
-1

, which falls within the typical range expected 

for metals.
2,112

 

4.4  Results and Discussion 

He diffraction scans from the (3 × 1)-O Nb(100) surface are shown in Figure 4.1. Figure 

1(a) is a representative angular scan along the <100>, ΓX azimuthal direction, while Figure 1(b) 

is a scan along the <110>, ΓM direction with an inset diagram of the reciprocal surface lattice 

vectors. We took both scans with a cold He beam (𝐸𝑖 = 21 meV) and slightly elevated surface 

temperatures (𝑇𝑆 = 360 K and 410 K for Figures 1(a) and 1(b), respectively). The scan in Figure 

1(a) was taken at an incident angle of 𝜃𝑖 = 34.8°; we confirmed surface reproducibility by taking 

repeated diffraction scans at 𝑇𝑆 = 360 K after flashing the crystal to 1200 K. The specular peak 

(𝜃𝑖 = 𝜃𝑓) at Δ𝐾 = 0 is approximately 2.6 times more intense than the next largest, first-order (01) 

diffraction  
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Figure 4.1: Representative He atom diffraction spectra for the (3 × 1)-O Nb(100) surface 

along the (a) <100> and (b) <110> symmetry axes, with the inset diagram in (b) showing the 

reciprocal surface lattice vectors. The specular (00) peak is visible in both directions, while 

the oxide structure can be seen in (a) along the <100> axis, with fractional peak notation 

corresponding to the (3 × 1)-O structure. The <110> axis in (b) shows the underlying (11) 

Nb(100) lattice peak. 

 

peak at Δ𝐾 = −1.9 Å
-1

 (𝜃𝑓 = 15.8°). When compared with a scan of bare Nb(100), the larger 

first- to zeroth-order peak intensity ratio indicates that the oxide structure has a higher surface 

corrugation.
21

 In particular, we note that the first-order diffraction peak intensity is within the 

same order of magnitude as the specular intensity, while the first-order diffraction intensity 

observed for the bare Nb(100) surface is over two orders of magnitude less than the specular 

intensity.
60

 Each peak occurs when the Bragg equation holds true; that is, when 

 ∆𝐾 = 𝑘𝑖(sin 𝜃𝑖  − sin 𝜃𝑓) = 𝐺𝑚𝑛, (4.5) 
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where the surface-parallel component of the He wavevector 𝑘𝑖 changes by Δ𝐾; the initial and 

final scattering angles, relative to surface normal, are 𝜃𝑖 and 𝜃𝑓, respectively; and 𝐺𝑚𝑛 is a linear 

combination of reciprocal surface lattice vectors. 

 Three additional diffraction peaks are visible in the angular scan of the <100>, ΓX 

azimuthal direction, all of which correspond to the (3 × 1)-O ladder structure. The (0
1

3
) peak, at 

Δ𝐾 = −0.6 Å
-1

 (𝜃𝑓 = 28.7°), is approximately one-third of the way between the (00) and (01) 

peaks. Similarly, the (0
2

3
) peak (Δ𝐾 = -1.2 Å

-1
, 𝜃𝑓 = 22.0°) is two-thirds of the way between the 

primary peaks, while the (0
4

3
) peak (Δ𝐾 = -2.4 Å

-1
, 𝜃𝑓 = 10.8°) is past the (01) peak by one-

third of that distance. The visibility of all three superlattice peaks shows the excellent surface 

order of the sample and the minimal scattered He background intensity measured by the detector. 

 The angular scan in Figure 4.1(b) was taken at an incident angle of 𝜃𝑖 = 35.1° in the 

<110>, ΓM direction. Since the (3 × 1)-O reconstruction does not affect atomic spacing along 

this azimuthal direction, only primary lattice diffraction peaks are seen. The specular peak at Δ𝐾 

= 0 is much larger than the first-order, (11) diffraction peak (Δ𝐾 = -2.7 Å
-1

, 𝜃𝑓 = 8.9°), indicating 

that the surface is corrugated slightly less along this axis than along the ΓX axis.
21

 

For inelastic, in-plane scattering, the conservation of energy and crystal momentum 

dictates possible scattering angles and energies. For a given beam with incident energy 𝐸𝑖, 

wavevector 𝑘𝑖, and angle 𝜃𝑖, possible final conditions (angle 𝜃𝑓, wavevector 𝑘𝑓, and energy 𝐸𝑓) 

must satisfy the equation, 

 ∆𝐾 = 𝑘𝑓 sin 𝜃𝑓 − 𝑘𝑖 sin 𝜃𝑖 = 𝐺𝑚𝑛 + 𝑄, (4.6) 

where 𝐺𝑚𝑛 again is a linear combination of reciprocal surface lattice vectors and 𝑄 is the two- 
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Figure 4.2: Representative cross-correlation TOF spectra for the (3 × 1)-O Nb(100) surface 

along the <100> symmetry axis, under different incident and final conditions. Data in (a) were 

taken with a 16 meV incident He beam, while data in (b) were taken with a 21 meV incident 

beam. Phonon peaks are designated by black arrows, with insets showing representative scan 

curves for each spectrum. Black dots indicate phonon peak positions; ∆𝐸 is the energy gained or 

lost by the He beam. 

 

dimensional wavevector for a phonon with energy ℏ𝜔. By substituting relevant energies 

(Equation 4.7) and rearranging, the scan curve indicating accessible phonons can be extracted 

(Equation 4.8): 

 ∆𝐸 = 𝐸𝑓 − 𝐸𝑖 =
ℏ2𝑘𝑓

2

2𝑚
−

ℏ2𝑘𝑖
2

2𝑚
= ℏ𝜔(𝑄); (4.7) 

 
∆𝐸

𝐸𝑖
=

(sin 𝜃𝑖 −
∆𝐾

𝑘𝑖
)

2

sin2 𝜃𝑓
− 1. (4.8) 

Systematically varying incident beam energy and angle while capturing TOF spectra moves the 

scan curve across the surface Brillouin zone (SBZ) and maps out surface phonon resonances. 
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 Figure 4.2 shows examples of cross-correlation TOF spectra measured along the <100>, 

ΓX axis. Each spectrum was taken under specific incident and final conditions that maximized  

 

Figure 4.3: Representative cross-correlation TOF spectra for the (3 × 1)-O Nb(100) surface 

along the <110> symmetry axis. Data in (a) were taken with a 10 meV incident He beam, while 

data in (b) were taken with a 21 meV incident beam. Phonon peaks are designated by black 

arrows; insets show representative scan curves for each spectrum with black dots indicating 

phonon peak positions. ∆𝐸 is the energy gained or lost by the He beam. 

 

intensity and resolution. We explored various surface temperatures, with 𝑇𝑆 = 670 K yielding the 

best results: for this axis, all spectra were taken with cross-correlation chopping at 𝑇𝑆 = 670 K. 

Figure 4.2(a) and Figure 4.2(b) were taken with incident energies 𝐸𝑖 = 16 meV and 21 meV and 

angles 𝜃𝑖 = 27.2° and 34.7°, respectively. The dominant peak in each spectrum is elastic, where 

𝐸𝑖 = 𝐸𝑓, and was used to calculate incident beam energy. Subsidiary peaks—indicated by black 

arrows—are phonon modes, with peaks to the left of elastic corresponding to surface phonon 

annihilation (the He beam gains energy), and peaks to the right corresponding to surface phonon 

creation (the He beam loses energy). We identified the position of the top of each peak by fitting 
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a given spectrum with multiple Gaussian functions and extracting the function centers. That time 

then was  

 

 

Figure 4.4: Extended dispersion plots along the (a) <100> and (b) <110> symmetry axes. Each 

point corresponds with the center of a phonon peak from a TOF spectrum. These values are as 

measured by the He beam, where ∆𝐸 indicates energy gained or lost by the He beam. 

 

correlated with a specific Δ𝐸 and Δ𝐾 for the He beam and plotted, along with the corresponding 

scan curve, in Figure 4.2’s insets. 

 Figure 4.3 shows similar TOF spectra but taken along the <110>, ΓM axis. Along this 

axis, we held the surface temperature at either 𝑇𝑆 = 300 K or 410 K, depending on the scan. 

Additionally, a few phonon modes identified in this direction were measured using a single-shot 

chopping pattern for increased resolution, though Figure 3 contains cross-correlation data. Figure 

4.3(a) was taken with 𝑇𝑆 = 410 K, 𝐸𝑖 = 10 meV, and 𝜃𝑖 = 21.1°, while 𝑇𝑆 = 300 K, 𝐸𝑖 = 21 meV, 

and 𝜃𝑖 = 27.2° for Figure 3(b). Phonons are identified with black arrows and we obtained peak 
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positions in the same manner as for Figure 4.2. Phonon positions in the SBZ with corresponding 

scan curves are shown in the figure insets. 

 

 

Figure 4.5: (a) Bulk phonon dispersions calculated for Nb along high-symmetry paths of the 

BCC Brillouin zone, where each mode’s EPC strength is indicated by its brightness level and 

brighter colors correspond to stronger coupling. Neutron scattering data from literature (white 

circles) are overlaid on the calculations for comparison.
86

 Surface phonons along symmetry 

directions Γ̅X̅ and Γ̅M̅ for (b) cubic Nb(100) and for (c) (3 × 1)-folded Nb(100). Black lines 

represent phonon dispersions calculated for an effective 130-layer slab of Nb(100). The 

colormaps display the surface phonon density of states (DOS) projected onto the top layer of 

atoms, and surface resonances are labeled for the shear-vertical (SV), shear-horizontal (SH), or 

longitudinal (L) in (b). The (3 × 1)-folded Nb(100) colormap in (c) displays only the SV mode to 

demonstrate the BZ folding process more clearly. 

 

All measured phonon peak positions are shown in Figure 4.4, with Figure 4.4(a) showing 

data taken along the ΓX axis and Figure 4.4(b) along the ΓM axis. As in Figures 4.2 and 4.3, 

these extended SBZs are as measured by the He beam, with Δ𝐸 indicating energy gained or lost 
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by the beam. Multiple phonon resonances are seen in both axes and will be discussed below with 

DFT results. 

Figure 4.5(a) shows the DFT-calculated phonon modes of bulk Nb along the BCC 

Brillouin zone symmetry directions (colormap) compared with neutron scattering data from 

literature (white circles).
86

 The DFT-calculated modes reproduce previously calculated and 

measured results, confirming the accuracy of the method used.
60,86

 Phonon anomalies indicated 

by the change in slope of the bottom-most resonances along the ΓH and ΓN directions are 

observed, as are dips in the higher resonance along ΓH and lower resonance along HP, and a 

resonance crossing near H along ΓH.
60,87

 The bulk phonon modes are colored by their respective 

EPC constant strengths, 𝜆𝒒𝜈: by taking advantage of the MLWF basis, we are able to track the 

EPC of bulk niobium throughout the Brillouin zone. The strongest coupling is seen near the Γ 

point for all resonances, which corresponds with lower phonon energies. 

Next, we identified both surface-projected bulk phonon modes and surface modes for an 

effective 130-layer slab of Nb(100) by beginning with a 10-layer slab and inserting 120 bulk 

layers into its dynamical matrix. These results are shown in Figure 4.5(b) along symmetry 

directions Γ̅X̅  and Γ̅M̅ and are overlaid with a colormap of the top-layer surface phonon density 

of states (DOS). By examining the atomic displacements associated with the surface phonon 

modes, we identify polarizations and find that the longitudinal (L) and shear-horizontal (SH) 

modes dip below the shear-vertical (SV) mode and the bulk-projected band along both symmetry 

directions. The highest surface DOS is seen in the L+SH mode near M̅. In Figure 4.5(c), we 

folded the effective 130-layer slab of cubic Nb(100) to represent a (3 × 1)-folded BZ equivalent 

to the BZ of (3 × 1)-O Nb(100). The folded BZ displays more apparent resonances at a given 

wavevector, both surface-projected bulk and strictly surface, as a result of the folding. For 
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example, what once were acoustic modes can now, after folding, appear as optical modes. This 

process is illustrated in Figure 4.5(c): considering only the top-layer SV projected DOS for 

clarity, the DOS now disperses to higher phonon energies at shorter wavevectors. Accordingly, 

surface modes are folded to near the middle of the surface-projected bulk band, and the SV mode 

in particular is translated to about 10 meV at 
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Figure 4.6: Surface EPC strengths along SBZ symmetry directions Γ̅X̅ (left column) and Γ̅M̅ 

(right column), projected from bulk Nb (top row) onto the SBZ and projected onto the 

exponentially weighted 𝑧-displacements using Equation 4 for (middle row) the bare Nb(100) 
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surface and (bottom row) the (3 × 1)-O Nb(100) surface. Coupling strengths are indicated by 

brightness level, with brighter colors corresponding to stronger coupling. 

the Γ̅-point. 

Figure 4.6 shows the results from our calculated EPC strengths for bulk Nb projected on 

the SBZ, along with the coupling strengths for the bare Nb(100) and (3 × 1)-O Nb(100) surfaces. 

Values of surface EPC strengths are projected onto exponentially weighted 𝑧-displacements (see 

Equation 4.4), as these are what can be seen most readily with HAS. The first BZ for both the 

bare and (3 × 1)-O surfaces are folded to correspond with the ladder structure and allow for 

direct comparison. The EPC for the Nb(100) surface is pronounced near the Γ̅-point at low 

energies and near 11 meV, higher than it is for bulk Nb projected on the SBZ. Multiple 

resonances are seen along both directions for the Nb(100), though most of the EPC strength is 

concentrated below 16 meV. 

The electron-phonon interaction strength becomes much more dispersed for the oxide 

surface, with multiple new resonances appearing at higher phonon energies due to the addition of 

the less massive O atoms. The resonances at Γ̅, approximately 11 meV for Nb(100), move 

higher, to about 13 meV, and lose significant relative strength for the oxide. The resonance at 7 

meV appears more intense for the oxide, as are the lowest resonances along both symmetry 

directions. 

High-energy, optical modes also appear in the oxide, most notably near 28 meV. However, the 

strongest couplings for the bare Nb(100) and oxide surfaces are seen in approximately the same 

locations: in the acoustic modes near the Γ̅ point for 0–3 meV; near the X̅ point near 5 meV; and 

near 0.5 𝜋/a along the Γ̅M̅ around 7 meV. 

When a He atom scatters from a metal, it interacts with the surface electron density. The 

creation or annihilation of surface phonons occurs through these electrons, intrinsically linking 
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HAS with EPC strengths.
2
 In Figure 4.7, HAS phonon data are overlaid with the calculated 

dispersion plot for (3 × 1)-O Nb(100), where experimental data points are shown as white dots 

and  

 

Figure 4.7: Phonons for the (3 × 1)-O Nb(100) surface measured with HAS (white dots), 

overlaid on DFT-calculated surface electron-phonon coupling strengths projected onto 𝑧-

displacements, using Equation 4. Coupling strengths are indicated by brightness level, with 

brighter colors corresponding to stronger coupling. HAS data and theoretical predictions along 

Γ̅M̅ were translated back into the first BZ of cubic Nb(100), while the data along Γ̅X̅ was folded 

back to the (3 × 1)-folded BZ of the ladder structure. 

 

EPC strength is indicated by brightness. Satisfactory agreement is seen between the experimental 

and theoretical results and demonstrates the importance of electron-phonon interactions in 

resonances visible with inelastic He scattering. The density of measured points is a convolution 

of experimental conditions and available phonon modes—where phonons were more easily 

resolved, more phonons were measured. The highest density of measured points, near X̅ and 6 
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meV and near 0.25 𝜋/𝑎 along Γ̅M̅ and 3 meV, corresponds well with the stronger EPC calculated 

by DFT. Along the Γ̅X̅ direction two acoustic modes can be seen with HAS, though their 

distinction is blurred at higher energies by the folding of the first BZ. The lowest mode is the 

Raleigh mode while the upper is longitudinal, but as will be seen in Figure 4.8, towards the zone 

boundary there is a hybridization and mixing of SV and L displacements which blurs this 

distinction, a common feature of metal surfaces.
113

 

There also are two modes measured with HAS along the Γ̅M̅ direction, with the lower 

mode, gain being the Rayleigh mode. By comparing the EPC strengths for Nb(100) and (3 × 1)-

O Nb(100) in Figure 4.6, we attribute the upper measured mode primarily to the addition of the 

oxide on the surface. This corresponds with the trend seen in Figure 4.6, where the oxide 

disperses EPC, and hence inelastic He-scattering intensity, to higher energies. An anomalous  

feature can be seen in the lowest longitudinal mode along Γ̅M̅, indicating a lattice instability 

which is often accompanied by a symmetry breaking, and may be related to the oxide 

reconstruction but requires further analysis.
114

 

 By comparing our experimental data for the (3 × 1)-O Nb(100) surface with data from 

literature for the bare, Nb(100) surface, we see changes caused by the oxide reconstruction.
60

 

Our data and that from Hulpke et al. both show two measured modes along Γ̅X̅ and Γ̅M̅.
60

 Along 

Γ̅X̅, these modes agree between the two surfaces, though our data extends much farther into the 

first SBZ, limiting the comparison. Along Γ̅M̅, however, the high-energy mode is significantly 

stiffened for the oxide surface. This increase in energy ranges from about 2–4 meV: larger 

differences are seen closer to Γ̅, while the difference decreases somewhat as the mode disperses 

through the BZ. As will be seen in Figure 4.9, the stiffening of the phonon mode corresponds 

with increased surface force constants for the oxide, and indicates that the oxide stabilizes the 
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Nb(100) surface. The lower, Rayleigh mode measured along Γ̅M̅ appears to follow that measured 

for metallic Nb, but as with the Γ̅X̅ direction, the data from Hulpke et al. does not extend far into 

the first SBZ, and we are not  

 

 

Figure 4.8: Top layer densities of states projected onto the SV or L displacements of the surface 

atoms of (3 × 1)-O Nb(100); from top to bottom: L displacements from layer 1 (L1) and from 

layer 2 (L2), and SV displacements from layers 1 and 2 (SV1+SV2), where layer 1 refers to the 

crest of the oxide and layer 2 denotes the planarly intact layer beneath the crest. Each white 

circle marks an HAS event (repeated from Figure 7). (b) Atomic displacements of the Nb atoms 

(larger teal circles) and O atoms (smaller magenta circles) for (3 × 1)-O Nb(100) calculated with 

DFT corresponding to the two boxed modes highlighted in (a). The displacements in the (upper) 

violet box correspond to the mode along Γ̅X̅ at 6.8 meV and the displacements in the (lower) 

orange box correspond to the mode along Γ̅M̅ at 9.3 meV. The arrows in (b) indicate directions 

of the atomic displacements and their relative magnitudes, viewing (left) down along surface 

normal and viewing (right) along the surface with the surface normal pointing up. The vertical 

dashed lines in (b) coincide with the troughs in the ladder structure. 
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able to compare data near the M̅ zone edge, though this is where the DFT-calculated Rayleigh 

wave appears to differ most between the two surfaces in Figure 4.6.
60

 

Figure 4.8(a) shows the top layer DOS projected onto the SV or L displacements of (3 × 

1)-O Nb(100) surface atoms. This allows us to assign the polarizations to the modes measured by 

HAS. Along Γ̅X̅, the lowest measured mode, or the Raleigh mode, is almost entirely SV, while 

the higher modes are mixed L and SV. Along Γ̅M̅, both measured modes appear mixed, though 

the higher mode is primarily L due to second-layer atoms (L2), while the lower mode mixes L1, 

L2, and SV1+SV2. The high-energy optical mode across the entire SBZ is seen to be almost 

entirely L due to the top layer of atoms—from the crests of the (3 × 1)-O Nb(100) ladder 

structure. This mode has the highest DOS for L1, has very little dispersion, and is near the top of 

the bulk-projected band seen in Figure 4.5(c). 

Two specific phonons measured by HAS are examined in Figure 4.8(b): one along Γ̅X̅ 

(upper violet box) and one along Γ̅M̅ (lower orange box). Figure 4.8(b) shows the atomic 

displacement directions and magnitudes with arrows corresponding to O (smaller magenta 

circles) or Nb (larger teal circles) atoms, viewed along surface normal and viewed head-on with 

surface normal pointing up. For both phonons, the O atoms are much more active than the Nb. 

The phonon in the violet box is primarily L in the first layer of atoms, as indicated both by 

Figure 4.8(a) and by the direction of the arrows in Figure 8(b). The resonance in the orange box 

is a hybridization of L and SV, involving L displacements in the second layer of atoms and SV in 

both the first and second layers. 

 Figure 4.9 shows the pairwise interatomic force constants for bulk Nb, Nb(100), and (3 × 

1)-O Nb(100). The addition of the oxide to the surface causes a significant increase in force 

constants, even between Nb atoms. The highest force recorded was the force on a Nb atom when 
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it was perturbed along the surface, which is labeled by a black, five-pointed star and illustrated in 

Figure 4.9(c). This force is almost twice the highest force seen for the bare Nb(100) surface, 

indicating that the oxide stabilizes the surface. Another notable feature is the Nb-Nb force 

increase caused by the oxide, which is labeled by the black, four-pointed star at approximately 𝑅 

= 2.6 Å. This is the surface-parallel force on one of the Nb atoms in the crest of the (3 × 1)-O 

Nb(100) ladder structure  

 

Figure 4.9: (a) Pairwise interatomic force constants in bulk Nb, Nb(100), and (3 × 1)-O Nb(100) 

all plotted on the same scale as a function of distance between the two atoms, with 𝑅 = 0 

corresponding to the force on an atom when it is perturbed. All interatomic force constants in 

bulk Nb and Nb(100) involve only Nb-Nb interactions (black circles), while (3 × 1)-O Nb(100) 

includes additional force constants between Nb-O (blue circles) and O-O (red circles). 

Noteworthy interatomic force constants in (3 × 1)-O Nb(100) are marked with distinct symbol 

shapes in (a) and then depicted in the crystal structures in either (b) a side view with surface 

normal pointing up or in (c) a top down view with surface normal pointing out of the page. In (b) 

and (c), Nb atoms are colored as larger blue circles and O as smaller magenta circles, and the 

black and gray arrows correspond to the atomic perturbation and responding forces, respectively. 

 

when another atom in the crest is disturbed along the surface-normal direction, as seen in Figure 

9(b). A surface-parallel perturbation of a Nb atom within the crest causes a relatively high 
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response in a neighboring Nb atom 3.1 Å away, also in the surface-parallel direction (black 

triangle in Figure 4.9(c)). Most of the force constants that involve O atoms, shown by the red and 

black markers in Figure 4.9(a), are higher than the Nb-Nb force constants in bulk Nb and the 

bare Nb(100) surface. This feature occurs most prominently when Nb and O are near neighbors, 

separated by about 𝑅 = 2.1 Å (blue five-pointed star in Figure 4.9(b) and blue triangle in Figure 

4.9(c)). 

Our work shows that the (3 × 1)-O superlattice structure significantly modifies the forces 

of bulk Nb and the unreconstructed, bare Nb(100) surface. The strong bonds introduced by the     

(3 × 1)-O superlattice make up the characteristic ladder crests and strongly oppose surface-

normal and surface-parallel perturbations. This result explains the high-energy phonon 

resonances in the dispersion plot shown in Figure 4.7 and stabilizes the Nb surface, leading to 

Nb’s strong affinity for O.
47,48

 Additionally, the strengthened Nb-Nb bonds indicate a heightened 

Nb diffusion barrier at the surface.
115

 The (3 × 1)-O structure could inhibit nucleation and 

alloying at the surface, raising surface melting temperatures and the alloying temperatures of 

relevant SRF materials such as Sn.
116–118

 

Recent work by Farber et al. characterizes Sn adsorption and diffusion behavior on the      

(3 × 1)-O Nb(100) surface reconstruction.
119

 Their results reveal that defects do not alter 

significantly either Sn adsorption or diffusion: these processes likely are dictated by the (3 × 1)-

O superlattice structure. Our results support this interpretation of their data by indicating that the 

ladder crest features are strongly bonded and thus resistant to perturbation. Our results also 

explain their observed adsorption sites and preferential diffusion along the troughs of the ladder 

structure. An atomic-scale, theoretical characterization of the (3 × 1)-O Nb(100) surface alloying 

with Sn has not been completed. However, our results suggest that the ladder troughs are 
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susceptible sites for reactivity or alteration, while the ladder crests are strongly stabilizing and 

provide a barrier to treatments and corresponding reactions. Further atomic-scale studies of 

alloying on these surfaces will provide a more detailed picture. 

4.5  Conclusion 

We used HAS and DFT to map the surface phonon dispersions of the (3 × 1)-O Nb(100) 

reconstruction. A comparison between calculated resonances of the bare Nb(100) surface and the 

oxide surface show a large increase in phonon modes for the oxide, especially at higher energies. 

We explicitly calculated the electron-phonon interaction strengths at the surface and compared 

the results with inelastic He TOF data. The agreement seen between experiment and theory 

allows us to identify the measured surface modes. The primary modes measured with HAS are 

caused largely by longitudinal and shear-vertical displacements of the top two layers of O and 

Nb atoms on the (3 × 1)-O surface, and these modes also display meaningful electron-phonon 

interaction strengths. DFT analysis of the force constants at the surface show significant 

increases in bonding between Nb atoms, as well as strong Nb-O and O-O bonds. These data 

further expound what is known about the oxide surface and will inform the development of new 

SRF materials by elucidating the dynamics of the oxide surface. While this collaborative work 

begins to reveal how the (3 × 1)-O superlattice structure alters EPC at the Nb(100) surface, it is 

only a piece of the picture. Beyond the differences in phonon resonances shown above, the 

significant modification of interatomic interactions could in turn affect surface superconductivity 

and SRF cavity behavior. Future experimental and theoretical studies investigating the EPC of 

these surfaces currently are underway. 
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Chapter 5 

Correlating Electron-Phonon Coupling and in situ High Temperature Atomic-

Scale Surface Structure at the Metallic Nb(100) surface by Helium Atom 

Scattering and Density-Functional Theory 

Chapter 5 is reproduced from Thompson, C. J; Van Duinen, M. F.; Kelley, M. M.; Arias, A. 

A.; Sibener, S. J. Correlating Electron-Phonon Coupling and in situ High Temperature Atomic-

Scale Surface Structure at the Metallic Nb(100) Surface by Helium Atom Scattering and 

Density-Functional Theory. J. Phys. Chem. C 128, 14, 6149-6157 (2024) with the permission of 

AIP Publishing. Copyright 2024 The Journal of Physical Chemistry C.
120

 

 

Helium (He) atom scattering (HAS) simultaneously measured the surface electron-phonon 

coupling (EPC, SEPC) constant (𝜆, 𝜆𝑆) and in situ high temperature atomic-scale surface 

structure of the unreconstructed, metallic Nb(100) surface. The Nb(100) surface 𝜆𝑆 is 0.50 ± 0.08 

and its atomic-scale surface structure confirmed. The 𝜆𝑆 measured for the Nb(100) surface is 

~1/2 the reported bulk Nb 𝜆 values. The significance of Nb(100)’s diminished EPC was 

elucidated by estimating relevant superconducting properties from the measured 𝜆𝑆 , surface 

Debye temperature, known material parameters, and well-established equations. Density-

functional theory (DFT) with local averaging agrees well with the HAS data. A critical 

temperature (𝑇𝐶) of 1.4 – 3.6 K, a superheating field (𝐻𝑠ℎ at 2 K) ≤ 0.16 T, and a 

superconducting gap (at 2 K) ≤ 1.0 meV were estimated from these measurements. These results 

indicate that the Nb(100) surface has decreased superconducting properties relative to the bulk. 

This study shows that these effects may be due also to the interface itself even without oxygen. 
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These results contain the first 𝜆 measured for the metallic Nb(100) and any Nb surface. These 

measurements begin a fundamental understanding of atomic-scale surface structure’s effect on 

EPC and superconductivity in Nb. 

5.1 Introduction 

Niobium is the current material of choice for superconducting radio frequency (SRF) cavities 

in particle accelerators. Both Nb’s normal and superconducting state properties have led the 

material to its ubiquitous use and extensive study in SRF cavities.
6,121–123

 Nb’s relatively high 

ductility allows for facile manufacture of optimal cavity geometries for relatively high quality 

(Q) factors and accelerating gradients.
6,121–124

 Additionally, pure Nb’s relatively high thermal 

conductivity facilitates effective cooling, necessary to enter and maintain Nb’s superconducting 

state.
6,121,122

 Nb’s superconducting state’s relatively high critical temperature (𝑇𝐶) and low RF 

surface resistance (Rs) contribute significantly to Nb SRF cavities’ high Q factors at attainable 

operating temperatures.
6,123

 Since the RF fields only penetrate through the first 40 to 100 nm of 

the cavity surface, SRF cavity performance depends critically upon the surface chemistry and 

surface quality.
6,125

 Thus, surface preparation of SRF cavities must be carefully designed and 

implemented. Furthermore, the superconducting state’s unique behavior at these surfaces results 

from SRF cavity preparation techniques.
123,126–130

 However, fundamental studies correlating 

atomic-scale surface structure with changes in the superconducting state remain unexplored. 

How does the surface modify the physical properties driving the formation of the 

superconducting state and its favorable properties? A deeper understanding of atomic-scale 

surface structure’s effect on the well-known superconducting state of the bulk would reveal the 

mechanisms determining which SRF cavity preparations aid or hinder the performance of a 

cavity. Additionally, since extensive research on Nb and Nb SRF cavities has allowed them to 
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approach their fundamental limits of operation, the search has begun for new materials and 

cavity treatments to further reduce Rs, maximize the superheating field (𝐻𝑠ℎ), minimize power 

loss, and optimize overall performance.
17,124,126,127,130

 Due to ≤100 nm penetration depth of RF 

fields in typical Nb SRF cavities, changes in the surface significantly affect cavity 

performance.
6,124,125

 In fact, surface defects, inhomogeneities, and impurities limit cavity quality 

factors and operating temperatures, holding back a variety of promising new SRF cavity 

materials.
123,124,126,128,129,131,132

 While well-studied, the evolution of surface defects remains a 

challenging part of SRF cavity treatment design and implementation. An understanding of the 

evolution of surface defects and their resulting effects on superconductivity at the surface 

remains elusive. While the (3x1)-O has been shown to be stable and well-ordered up to ~1130 K 

under SRF cavity preparations, a foundational understanding of the interface must begin with the 

metallic, unreconstructed surface.
29

  Understanding how specific atomic-scale surface structures 

arising from distinct SRF cavity preparations impact the accelerator’s performance and energetic 

efficiency would enable SRF cavity surfaces by design. In order to progress to this point, we 

must first understand the effect of the Nb surface structures on the material’s superconducting 

properties by investigating the effects of surface treatments and their resulting surface structures. 

Electron-phonon coupling (EPC) in Nb is responsible for the formation of its 

superconducting state.
6,8,10,16,133

 The EPC constant (𝜆) is a dimensionless constant that quantifies 

the effective strength of electron-phonon interactions in a material.
10

 This constant then 

determines many superconducting properties such as the critical temperature (𝑇𝐶) and 

superconducting gap.
6,10,16

 We will utilize helium (He) atom scattering’s (HAS) unique 

capability for in situ high-temperature measurements of both surface structure and surface EPC 

(SEPC) constant (𝜆𝑆) to connect atomic-scale surface structure with its effect on 𝜆𝑆 and thus 
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surface superconductivity. We have demonstrated this capability by measuring 𝜆𝑆 and atomic-

scale surface structure simultaneously on the unreconstructed Nb(100) surface. While the 

Nb(100) surface structure and phonon band structure has been measured previously and 

calculated recently by Kelley et al., the SEPC constant, 𝜆𝑆, has not.
134–138

 

Furthermore, these results have begun building a necessary foundational understanding of the 

effects of atomic-scale surface structure on superconductivity. With this understanding in hand, 

we plan to investigate variations in atomic-scale surface structure to reveal their effects on 

surface superconductivity. Because this is the first measurement of SEPC at the Nb(100) surface, 

much remains to be known about the SEPC of Nb surfaces from changes in surface composition 

and structure. However, many substantial studies of the EPC in bulk Nb have been 

made.
136,137,139–145

 The EPC of bulk Nb has been measured by electronic Raman scattering 

(1.15),
142

 proximity electron tunneling spectroscopy (1.04 ± 0.06),
146,147

 femtosecond pump-

probe measurements (1.16 ± 0.11),
144

 and calculated with McMillan’s well known expression for 

𝑇𝐶 from accompanying measurements of appropriate normal-state parameters (0.92).
17,18,23

 

Atomic and molecular beam scattering techniques have been used to investigate structure and 

vibrational dynamics of surfaces since the 1920’s.
32–34

 Supersonic He beams are suited to study 

surfaces due to their lack of penetration into the bulk, chemical inertness, and remarkably narrow 

velocity distributions.
18,148

 The de Broglie wavelength and narrow momentum distribution of He 

atoms allow for precise measurements of atomic-scale structure.
5,149

 The momentum and energy 

of He atoms are well-matched to those of surface phonons, giving HAS a unique ability to 

measure and resolve low-energy phonon modes.
5,12,18,148–150

 Recently, the role of SEPC in the 

He-surface scattering event has been elucidated and theoretically described for single phonon 

modes and thermally excited phonons in the high temperature limit of many types of 
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surfaces.
15,23,151–159

  

While the derivation of the formula for 𝜆𝑆 differs for each kind of surface, including metals, 

metallic layers, 2D materials, and topological insulators, the concept of an electron mediated 

interaction between He and phonon states is present in all.
15,23,151–159

  The He atoms scatter off of 

the surface electron density, and within good approximation scattering repulsive potential is 

directly proportional to the electron density for metallic surfaces.
20

 While He scatters off of the 

electron density, energy is exchanged between the He atom and the lattice of the crystal surface 

through phonon creation and annihilation events.
5,23,148

 This energy exchange is mediated by the 

electron density at the surface and has been formulated for a variety of surfaces, especially 

metallic surfaces.
15,23,151–159

 Recent work has expanded this formulation to show that the Debye-

Waller (DW) factor is directly proportional to the SEPC (𝜆𝑆), which was accomplished starting 

from the distorted-wave Born approximation, using second-order perturbation theory to define 

electron-phonon matrix elements, and adopting additional yet reasonable 

approximations.
10,15,23,159

 The DW factor is a multiplicative factor in all scattered intensities that 

describes thermal attenuation of the He atom’s scattering intensity.
5,23,149

 Traditionally, the DW 

factor accounted for the thermal excitation of phonons with appreciable displacements at the 

surface, however these recent developments elucidated the mediation of thermally excited 

phonons and scattered He via the electron density.
15,23,149,159

 Simply put, the thermal energy of 

the surface excites phonons at or near enough to the surface that they disturb the surface electron 

density which then reduces the coherence of the scattered He and measured HAS intensity.
23

 

The work presented herein provides the first measurement of 𝜆 on the metallic, 

unreconstructed Nb(100) surface and any Nb surface. Furthermore, it presents in situ high 

temperature atomic-scale surface structure measurements made simultaneously with 𝜆𝑆 
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measurement. This work utilizes and demonstrates HAS’s unique capability for in situ high 

temperature measurements of both surface structure and the 𝜆𝑆 to connect atomic-scale surface 

structure with its effect on 𝜆 and, thus, superconductivity. This capability unlocks the potential 

elucidation of the changes to the surface by oxides, carbon impurities, N doping, Sn alloying, 

and other SRF cavity preparations. 

5.2  Methods 

Measurements were performed and crystal surface prepared in a UHV scattering 

instrument. The instrument has been detailed elsewhere, but is summarized below.
29,70,160,161

 The 

instrument was composed of three main sections: a differentially pumped beam source, sample 

chamber, and a differentially pumped, rotating detector. The sample surface was prepared, 

altered, and all measurements made in situ within the sample chamber. A supersonic atomic or 

molecular beam was created by expansion from a 15 μm nozzle cooled with a closed-cycle He 

refrigerator. A skimmer extended through the Mach disk into the zone of silence, extracting a 

supersonic atomic or molecular beam. In the next differentially pumped chamber the beam 

passed through a mechanical chopper for pulse modulation. The resulting supersonic beam was 

nearly monoenergetic (Δv/v ≤ 1%). This beam made a ∼4 mm spot size on the 1 cm sample, 

scattering into 2𝜋 steradians. A triply differentially pumped, computer-controlled, rotatable 

detector arm collected the scattered atoms or molecules. Between the differentially pumped 

detector regions, the probe atoms or molecules were ionized by electron bombardment, mass 

selected using a quadrupole mass spectrometer, and detected with an electron multiplier followed 

by pulse counting electronics. The flight path was 1.528 m, the sum of the chopper-to-sample 

path of 0.500 m and the sample to ionizer path of 1.028 m. For our experiments we used He as 

our probe, scattering from a Nb(100) surface with a supersonic He atomic beam. 
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Diffraction scans were obtained by square-wave beam modulation, with a 50% duty cycle 

and a rotating the detector at 0.2° increments with fixed incident angle and energy, with an 

overall instrument angular resolution of 0.20°. The beam was characterized by time-of-flight 

(TOF) measurements made with a single-slit chopping, 1% duty cycle pattern. The Nb(100) 

crystal was mounted on a six-axis manipulator within the HAS instrument’s sample chamber. 

This manipulator enables control over the incident angle, θi, azimuthal angle, ϕ, and tilt, χ, with 

respect to the scattering plane. Electron bombardment heating and a closed-cycle He refrigerator 

modulated the sample temperature within a range of 300 to 2300 K. Surface Preparation 

Laboratory (the Netherlands) provided the Nb(100) sample (99.99% purity, ∼0.1° cut accuracy), 

which we then cleaned in the HAS instrument by cycles of annealing and flashing up to 2300 K, 

in addition to sputtering with 1 keV Ne
+
 ions (3 μA maximum). Impurities identified by in situ 

AES were C, B, S, and N; these were removed by the combination of annealing, flashing, and 

sputtering. We continued the cleaning cycles until only Nb was present on the surface, as 

confirmed by AES, and until the surface was well-ordered enough for high-intensity He 

diffraction. Due to the annealing (~2300 K), flashing (~2300 K), and sputtering process 

described above, the unreconstructed Nb(100) surface formed naturally and spontaneously. The 

Nb(100) surface structure and cleanliness was confirmed with AES, LEED, and He diffraction. 

During data collection, the Nb sample was periodically flashed to ~2300 K to eliminate 

unwanted surface adsorbates. Debye-Waller data were obtained by aligning the crystal at each 

surface temperature and taking diffraction scans across the specular peak. Each Debye-Waller 

measurement consisted of varying surface temperature up and then down a chosen temperature 

range, aligning the crystal and taking a diffraction scan over specular. These measurements were 

taken from the lower limit, ~1400 K, of the chosen temperature range to the upper limit, ~1750 
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K, then immediately back down to the lower limit. The lower temperature limit was determined 

as the lowest temperature free of substantial background gas adsorption in the time it took to 

align and take a diffraction scan. The crystal and mount thermally equilibrated for ~5 minutes 

and then was aligned before every diffraction scan. The thermal equilibration time for the crystal 

and mount was determined by comparing thermocouple measurements on the mount with 

pyrometer measurements of the crystal. 

To theoretically study the Nb(100) surface, we performed density-functional theory (DFT) 

calculations using open-source planewave software JDFTx.
162,163

 We implemented norm-

conserving pseudopotentials
164

 and calculated the electronic states for the outer electrons of 

niobium (4p
6
5s

2
4d

3
) at an effective temperature of 20 milli-Hartree using a Fermi function to 

determine electronic occupancies. The exchange-correlation energy was approximated using the 

Perdew-Burke-Ernzerhof functional revised for solids (PBEsol).
165

 Our calculations employed 

planewave cutoff energies of 30 Hartree and 200 Hartree for the electronic wavefunctions and 

density, respectively. We computed properties of a 10-layer slab of niobium with (100) surface 

termination in a cell that is 42.33 Å long along the surface-normal direction and truncated 

Coulomb potentials to increase the accuracy of calculated surface properties.
166

 We calculated a 

lateral lattice constant for Nb(100) at 3.30 Å, in good agreement with the experimental 

measurement of 3.29 Å.
167

 We calculated phonon properties using the finite-difference supercell 

method, perturbing atoms by ~0.4 to 0.5 a0 to calculate the real space interatomic force constant 

matrix directly.
168

 Interatomic force constant matrices for Nb(100) were evaluated in a 3×3×1 

supercell with a 𝑘-space sampling density equal to the unit cell's sampling of 12×12×1 𝑘-points.   

5.3 Results and Discussion 
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The clean metallic unreconstructed Nb(100) surface was prepared and confirmed with 

HAS diffraction and AES in Figure 5.1(a) and Figure 5.1(b), respectively. Figure 5.1(a) contains 

a diffraction scan taken at 1297 K along the <100>, ΓX azimuthal direction. Each peak occurs 

when the von Laue condition holds true, or when 

 ∆𝐾 = 𝑘𝑖(sin 𝜃𝑖  − sin 𝜃𝑓) = 𝐺𝑚𝑛, (5.1) 

where the surface-parallel component of the He wavevector 𝑘𝑖 changes by Δ𝐾; the initial 

and final scattering angles, relative to surface normal, are 𝜃𝑖 and 𝜃𝑓, respectively; and 𝐺𝑚𝑛 is a 

linear combination of reciprocal surface lattice vectors.
5,8,149

 The scan shows an intense, narrow 

specular peak (𝜃𝑖 = 𝜃𝑓) at Δ𝐾 = 0 and the first-order (01) diffraction peak at Δ𝐾 = −2.000 Å
-1

, 

just slightly beyond the expected -1.904 Å
-1

.
134,135

 This diffraction peak shifted slightly above 

and below the expected value after each preparation, indicating some lattice compression and 

expansion.
169

 The specular peak is ~28 times the size of the first order diffraction peak, typical of 

a smooth metal surface with relatively flat electronic corrugation.
23,170

 The absence of oxygen in 

the Auger data is corroborated by the absence of any superlattice peaks along this symmetry 

direction in the diffraction scan.
29,70,135
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Thermal attenuation of the specular peak occurs due to thermally excited phonons disturbing 

the electron density at the surface. This thermal attenuation follows the following relation, 

 𝐼(𝑇𝑆) = 𝐼(0)𝑒−2𝑊(𝑇𝑆), (5.2) 

Figure 5.1: Representative (a) Auger electron spectrum and (b) He atom diffraction spectrum 

for the clean, unreconstructed Nb(100) surface along the <1̅00> symmetry axis. In (a) the 

primary Nb peak is evident at 167 eV and the secondary Nb peak at 192 eV. There is an 

absence of C (270 eV), N (379 eV), and O (503 eV) peaks, indicating a clean Nb surface. In 

(b) there is only the first order diffraction peak. This peak is sharp and weak relative to the 

specular reflection, indicating a smooth, well-ordered metallic surface.  
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Where I is the measured He scattered intensity and 2W is the DW factor.
26,149

 The traditional 

definition of the DW factor is 

 2𝑊(𝑇𝑆) =  〈(∆𝑘 ∙ 𝑢(𝑇𝑆))
2

〉, (5.3) 

 where ∆𝑘 is the change in wavevector of the scattered He and 𝑢 atomic displacement of the 

surface atoms.
26

 However, recently, Manson et al. has derived the relationship between 2W and 

the surface EPC constant, yielding the approximation, 

 𝜆𝐻𝐴𝑆  ≅  −
𝑑 ln 𝐼00

𝑘𝐵𝑑𝑇𝑆

𝜙

6𝑍

𝑘𝐹
2

𝑘𝑖𝑧
2 , (5.4) 

where 𝐼00 is the intensity of the specular reflection, 𝜙 is the work function, Z is the number of 

free electrons per atom, 𝑘𝐹 is the Fermi wavevector, and 𝑘𝑖𝑧 is the surface perpendicular (z) 

component of the incident He incident wavevector.
15,159

 The DW diffraction scans were taken 

over the specular peak at a variety of temperatures. These temperatures were chosen to be above 

any significant adsorption of background gasses. These diffraction scans were taken from 

temperatures ~1400 K to ~1750 K for a variety of beam energies. 

The data used for the slope, 
𝑑 ln 𝐼00

𝑘𝐵𝑑𝑇𝑆
, which determines 𝜆𝑆 through Eq. 5.4, were measured 

taking particular care for surface cleanliness. Specifically, these EPC DW data (Figure 5.2) were 

obtained while confirming a clean Nb(100) surface structure through cleanliness with HAS 

diffraction and AES immediately before and after each DW measurement. This procedure 

ensured no impurities interfered with the measurement. 
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Figure 5.2: Thermal attenuation of the specular peak is observed in (a), where diffraction 

scans through the range were taken proceeding up the temperature range to 1746 K and then 

back down to 1404 K. The surface structure and cleanliness was confirmed with HAS 

diffraction and AES immediately before and after the measurement. The intensity values are 

taken from these specular reflections and plotted in (b). In (b) the ln of specular intensity is 

plotted versus surface temperature. The linear fit provides I0 (intensity at 0 K) from the y-

intercept fitting parameter and a slope fitting parameter equal to 
𝑑 ln 𝐼00

𝑑𝑇𝑆
. From this slope and 

tabulated values for Nb’s work function, number of free electrons per atom, and Fermi 

wavevector, we calculate 𝜆 = 0.50 ± 0.08 for the Nb(100) surface. The error is propagated 

from the fit error of the slope fitting parameter. Furthermore, we also extract the surface 

Debye temperature of 369 ± 11 K from these data, verifying that the system in the high 

temperature regime of the Bose-Einstein phonon population function required for equation 

5.3. Additionally the Debye temperature is used in calculating the 𝑇𝐶 from the measured 𝜆 

and the McMillan equation. 
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This slope and tabulated values of the Fermi vector, work function, and number of free electrons 

per atom were used to calculate a 𝜆𝑆 of 0.50 ± 0.08 for the clean metallic Nb(100) surface.
8,15,159

 

The uncertainty in this value is propagated from the error in the linear fit of the data. 

This is the first recorded value of 𝜆 for any Nb surface and, specifically the Nb(100) surface. 

The recorded 𝜆 values for bulk Nb are 1.15, 1.04, 1.16, and 0.92, almost twice the value at the 

Nb(100) surface we determine here.
136,137,139–145

 This deviation shows that the Nb(100) surface 

reduces the electron phonon coupling at the surface relative to the bulk. This reduction indicates 

the termination of the Nb lattice with a Nb(100) surface should be expected to significantly 

decrease the superconducting gap and increase the RF resistance relative to the bulk. In SRF 

cavities, the surface oxide is commonly thought to decrease the efficiency of Nb SRF cavities; 

surprisingly, these effects may be due to the termination of the lattice in addition to the effects of 

the oxygen.
6,132

 This work begins to build a fundamental understanding of the effects of the 

surface. 

In addition to this refined DW measurement of the clean Nb(100) surface, we obtained a 

variety of DW measurements with varying amounts of impurities as measured by AES. These 

impurities did not affect surface structure, periodicity, order, or electronic corrugation, but they 

did affect Nb(100) SEPC. We concluded from further data analysis that these impurities must be 

at the subsurface. This ultimately meant that while these data were not appropriate to determine 

𝜆𝑆 for a pure, metallic Nb(100) surface, they were ultimately appropriate to determine a He-

surface attractive potential well depth, and they reveal linear trends between SEPC and impurity 

concentration. These data are summarized in Figure 5.3. 
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Looking at the data in Figure 5.3, one may observe the correlation between O and C content with 

the DW slope, but not in the diffraction peak location, specular to diffraction peak ratio, or the 

Figure 5.3: In (a) the AES ratio of O and C with Nb are plotted versus time (days). The 

blue lines mark when AES spectra were taken and the region between day 0 and day 36 

was linearly interpolated to obtain the O and C ratio on each day. In (b) the DW slopes 

from each day were plotted versus time (days) showing a strong correlation with the O 

and C content. However in plots (c), (d), and (e) the (01) diffraction peak dK, domain 

size, and ratio of (01) peak to the specular (00) peak respectively show no correlation 

with O and C content. The diffraction peak’s dK (c) show that the periodic lattice spacing 

is uncorrelated with O and C content. The domain sizes (d), obtained from the specular 

(00) diffraction peak’s FWHM, indicate that the surface order is uncorrelated with O and 

C content. Furthermore, the ratios of specular to the diffraction peak (e) demonstrate that 

the electronic corrugation at the surface is uncorrelated with O and C content. 



101 

 

domain size (extracted from the FWHM of the specular peak). The latter three properties are 

specific to surface structure, periodicity, order, and electronic corrugation, but the DW slopes 

involve surface vibrations that are also affected by the subsurface.
11,171

 Since AES probes both 

the surface and a few layers into the subsurface, and the DW slope is the only surface property 

we measured that seems to be affected by the C and O impurities, we can conclude that these 

impurities must lie at the subsurface but not at the surface. If we take the DW data where the 

subsurface O and C content varies and extract 𝜆𝑆, we see that there is an apparent diminishing of 

𝜆𝑆 with accumulation of subsurface O and C impurities (Figure 5.4). 

 

 



102 

 

 

For the impure DW measurements, the subsurface O and C contents on each DW measurement 

were estimated by linearly interpolating between the two AES measurements on day 1 and day 

36 in Figure 5.3 (a). While not the primary focus of this study, this effect is deserving of its own 

investigation in future work. Nonetheless, the data show that subsurface O and C apparently 

Figure 5.4: The EPC constant was extracted from the DW slopes plotted in Figure 5.3 

(b) and plotted against O/Nb (a) and C/Nb (b). There is an apparent diminishing of 𝜆𝑆 

with accumulation of subsurface O and C impurities. While we have not intended to 

study or observe this effect, we have coincidentally observed it. This effect deserves its 

own investigation that is outside the scope of this paper. Nonetheless, the data show that 

subsurface O and C apparently diminishes 𝜆𝑆 and indicates such subsurface impurities 

actively contribute to surface superconductivity and SRF cavity performance. 
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diminishes 𝜆𝑆 and indicate such subsurface impurities actively contribute to surface 

superconductivity and SRF cavity performance. In fact, the effect of interstitial O on bulk Nb’s 

EPC has been measured in the range of 0% to 4% by Koch et al.
140

 These amounts of interstitial 

O were observed to decrease the EPC linearly with accumulated interstitial O, much like the 

trend observed in Figure 5.4 (a).  

At beam energies from ~17 meV to ~35 meV the acceleration due to the He-surface 

attractive potential well depth, 𝐷, is significant and must be taken into account. The Beeby 

approximation is commonly used to correct for this effect, taking into account the acceleration of 

the He atom as it approaches the surface before reaching its turning point.
5,148,149

 In the Beeby 

approximation, the potential well depth is added to the surface perpendicular component of the 

incident He beam energy.
5
 This quantity can be measured by expanding the traditional 

expression for the DW factor with standard kinematics. Upon substitution, restriction to specular 

scattering, and rearrangement, the relation, 

 𝜎 = −
𝑑(2𝑊)

𝑑𝑇𝑆
=  4𝑘𝑖

2 𝑑〈𝑢𝑧
2〉

𝑑𝑇𝑆
[cos2𝜃𝑖 +  

𝐷

𝐸𝑖
], (5.5) 

is obtained, where 𝜎 is the negative slope of a DW linear plot, 𝑘𝑖 is the He incident wavevector,  

𝜃𝑖 is incident angle relative to surface normal, 𝐷 is the He-surface potential well depth, and 𝐸𝑖 is 

the He incident energy.
27,149

 Thus, a fit of DW decay, 𝜎, versus 𝐸𝑖cos2𝜃𝑖 yields the He-surface 

attractive potential well depth and the first derivative of the mean-square displacement with 

respect to surface temperature. We will choose DW measurements with the narrowest range of 

subsurface impurities at 3 beam temperatures and use them to obtain a He-surface attractive 

potential well depth (Figure 5.5). The data with subsurface impurities are appropriate for the well 

depth calculation since the attractive potential well depth is exclusively a surface phenomenon. 
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Figure 5.5: DW lines at 3 beam energies were selected for a relatively narrow range of 

subsurface impurities. These data provide the He-surface well depth, 5.8  meV with error 

due to varying subsurface impurities. Having an estimate for the well depth, 𝐷, allows us 

to correct our incident beam energy in the so called Beeby correction.  

From the fitting parameters we obtain a He-surface well depth of 5.8 with error due to varying 

subsurface impurities. Having an estimate for the well depth 𝐷 allows us to correct our incident 

beam energy with the Beeby correction.  

We use DFT calculations of the mean-squared displacement (MSD) of the surface atomic 

vibrations of Nb(100) to complement our HAS data from the clean, metallic Nb(100). Figure 5.6 
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shows the vertical mean-squared displacement (MSD) of the surface atomic vibrations of 

Nb(100) calculated with 

 〈𝑢𝑧
2〉 =

1

𝑁𝑸
∑ [2𝑛(𝜔𝑸𝜈 , 𝑇) + 1]𝑸𝜈  

ℏ|𝑒𝑸𝜈
0,𝑧|

2

2𝑀𝜔𝑸𝜈
, (5.6) 

where the summation samples phonon modes 𝜈 at wavevectors 𝑸 throughout the surface 

Brillouin zone, 𝑒𝑸𝜈
0,𝑧

, is the component of the phonon eigenvector corresponding to the z-

displacement of the surface niobium-atom of mass 𝑀, and the bose factor 𝑛(𝜔𝑸𝜈) weights the 

displacements of each sampled phonon mode at temperature 𝑇.
23

 This quantity enters the 

traditional definition of the DW factor in Eq. 5.3.  
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The lower theoretical curve shows the raw average of 〈𝑢𝑧
2〉 considering the one Nb atom of the 

monatomic crystal structure. The upper theoretical shows an effective MSD after averaging over 

the four surface atoms from the square unit cell, which accounts for the likelihood of the incident 

He atom interacting with more than one Nb atom due to the comparable distance between Nb 

surface atoms and the finite size of He.
171

 Using this locally averaged MSD and performing a 

least-squares fit of the well-depth in the Beeby approximation, the predicted DW factor from this 

effective MSD would match the measured HAS DW data at a well-depth of 9.5 meV. The HAS 

data falls within this region confirming the HAS measurements of clean, unreconstructed 

Nb(100). 

To more deeply understand how this modification of the bulk 𝜆 would affect the surface’s 

performance in an SRF cavity, we estimate superconducting properties that are commonly used 

benchmarks for prospective SRF cavity materials.
6,17

 The resulting values are compiled in Table 

5.1. 

Figure 5.6: The upper theoretical curve (blue) shows the raw average of 〈𝑢𝑧
2〉 considering 

the one Nb atom of the monatomic crystal structure. The lower theoretical (green) shows 

an effective MSD after averaging over the four surface atoms from the square unit cell, 

which accounts for the likelihood of the incident He atom interacting with more than one 

Nb atom due to the comparable distance between Nb surface atoms and the finite size of 

He. The HAS data (red dots) falls upon the DFT prediction for HAS scattering (green) 

confirming the HAS measurements of clean, unreconstructed Nb(100). 
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 𝜆 EPC 𝑇𝐶 (K) Critical field (T) Superheating field (T) Band Gap (meV) 

Nb(100) 0.50 1.4 – 3.6 ≤ 0.14 ≤ 0.16 ≤ 1.0 

Nb bulk 

(Ref. 
136,137,139–

145
) 

1.15, 

1.04, 

1.16, 

0.92 

9 0.21 0.25 2.8 

We used Dynes’ version of McMillan’s equation as well as our measured surface Debye 

temperature and 𝜆𝑆 to estimate a TC within the range of 1.4-3.6 K, significantly reduced from the 

bulk Nb value of 9 K.
6,10,13,16

 A lower TC ultimately corresponds to a lower superheating field 

𝐻𝑠ℎ of ≤ 0.16 T compared to the bulk value 0.25 T.
6,8,17,172

 This means that superconducting 

states at the Nb(100) surface quench at lower magnetic fields than those in the bulk, reducing 

SRF performance.
123,172

 We estimate the superconducting gap at 0 K and then, using 𝜆𝑆 and an 

empirical temperature dependence valid below TC, estimate a superconducting gap at 2 K to be ≤ 

1.0 meV, significantly reduced from 2.8 meV for bulk Nb at 2 K.
6,10,143,173

 A smaller 

superconducting gap results in a higher RS, a lower Q, and therefore a less efficient SRF 

cavity.
16,124

 These theoretical estimates from our measured 𝜆𝑆 and surface Debye temperature as 

well as the measurements themselves show that the atomic-scale surface structure of the Nb(100) 

significantly modifies the relevant properties of the superconducting state, decreasing the SRF 

cavity performance even without the presence of a deleterious oxide. 

Table 5.1: Benchmark superconducting properties were estimated from well-used equations, 

using EPC constants and tabulated material properties. Superconducting properties were 

estimated for T = 2 K, using well-known tabulated values for Nb: London penetration depth = 

40 nm, 𝜉 = 27 nm, 𝜿 = 1.5, μ* = 0.1 – 0.15, and critical field of 0.20 T at 0 K. The surface 

EPC and Debye temperature extracted from HAS data were used to estimate the values for the 

unreconstructed Nb(100)  surface. 
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5.4 Conclusion 

We have utilized He atom scattering’s (HAS) unique capability for in situ high temperature 

measurements of both surface structure and the surface electron-phonon coupling (SEPC) 

constant, 𝜆𝑆, to connect atomic-scale surface structure with its effect on 𝜆𝑆 and thus 

superconductivity. We measured the 𝜆𝑆 and in situ high temperature atomic-scale structure of the 

unreconstructed, metallic Nb(100) surface. The thermal attenuation of specular reflectivity gave 

a 𝜆𝑆 of 0.50 ± 0.08, and He diffraction confirmed the unreconstructed metallic Nb(100) surface. 

These results make the first 𝜆𝑆 measured for the unreconstructed, metallic Nb(100) surface and 

any Nb surface. We find that SEPC, TC, superconducting gap, and superheating field at 

operational temperatures are significantly reduced at the Nb(100) surface relative to the bulk Nb. 

While the Nb surface in SRF cavities is oxidized, this begins to build a needed, fundamental 

understanding of the effects of the surface on superconducting properties, and from there we can 

begin to understand the changes to the surface by oxides, carbon impurities, N doping, Sn 

alloying, and other SRF cavity preparations. These measurements are the beginning of a 

fundamental understanding of atomic-scale surface structure’s effect on EPC and 

superconductivity in Nb, enabling SRF cavity surfaces by design. 
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Chapter 6 

Distinguishing the Roles of Atomic-Scale Surface Structure and Chemical 

Composition in Electron-Phonon Coupling of the Nb(100) Surface Oxide 

Reconstruction 

Chapter 6 is adapted with permission from Thompson, C. J.; Van Duinen, M. F.; Mendez, C.; 

Willson, S. A.; Do, V; Arias, T. A.; Sibener, S. J. Distinguishing the Roles of Atomic-Scale 

Surface Structure and Chemical Composition in Electron Phonon Coupling of the Nb(100) 

Surface Oxide Reconstruction. J. Phys. Chem. C 128, 25, 10714-10722 (2024) with the 

permission of AIP Publishing. Copyright 2024 The Journal of Physical Chemistry C.
174

 

 

The (3×1)-O/Nb(100) surface λS was measured to be 0.20 ± 0.06 and its atomic-scale surface 

structure confirmed. These results were supported by consistency between measured helium 

atom scattering Debye-Waller factors and ab initio density-functional theory predictions. The λS 

measured for the (3×1)-O surface reconstruction is further diminished from the metallic, 

unreconstructed Nb(100) value and the reported bulk Nb λ values. Furthermore, varying 

subsurface O has no significant effect on the λS of the (3×1)-O reconstruction. While the 

metallic, unreconstructed Nb(100) surface is significantly affected by accumulated subsurface C 

and O, the (3×1)-O reconstruction stabilizes its λS against the effects of subsurface O. Due to the 

low λS, a negligible critical temperature (TC) ≤ 6.2E-3 K was estimated, indicating that at 

operational temperatures of ~2 K, the (3×1)-O/Nb(100) reconstruction is not superconducting 

alone. However, the proximity effect indicates that a thin normal metal in contact with a 

superconductor exhibits some superconducting properties while the superconductor’s properties 
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are diminished. These results contain the first measurement of (3×1)-O/Nb(100) λS , distinguish 

the effects of surface structure and chemical composition on λS, and indicate that the (3×1)-

O/Nb(100) surface has diminished superconducting properties relative to the unreconstructed, 

metallic Nb(100) and the Nb bulk. 

6.1  Introduction 

Niobium is the standard material for superconducting radio frequency cavities in high energy 

particle accelerators. Nb found its ubiquitous use and extensive study in SRF cavities due to both 

its normal and superconducting state properties.
6,121,123,175

 For example, Nb’s relatively high 

ductility enables facile shaping of optimal cavity geometries for relatively high quality (Q) 

factors and accelerating fields.
6,124,175

 Additionally, pure Nb has a relatively high thermal 

conductivity facilitating sufficient cooling, essential to enter and maintain Nb’s superconducting 

state.
6,121

 Nb’s superconducting state’s relatively high critical temperature (𝑇𝐶) and low RF 

surface resistance (Rs) drives high Q factors at attainable operating temperatures.
6,123

 The 

superconducting state’s capability of repelling magnetic fields contains accelerating RF fields. In 

fact, the RF field only penetrates up to ~100 nm in Nb SRF cavities, thus RF field energy losses 

occur along the SRF cavity’s surface.
6,125

 The Nb’s SRF cavity’s RF surface resistance 

determines the magnitudes of the energy losses.
6,16

 These losses heat the SRF cavity, in turn 

requiring more cooling to maintain the optimal operational temperatures and driving up costs of 

operation.
7,176

 Experimental and theoretical studies have documented and studied mechanisms in 

which even local hot spots from inhomogeneities, defects, and topographical variations can heat 

and quench entire SRF cavities.
17,124,128,131,176–178

 Thus, optimal preparation of Nb SRF cavity 

surfaces are required to prepare energetically efficient SRF cavities and keep costs of operation 

from being prohibitively high. In other words, the relationship between atomic-scale surface 
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structure and the resulting superconducting properties at the surface is critical in improving and 

developing next generation SRF cavity materials. 

Extensive study of Nb and Nb SRF cavities has pushed their performance to their 

fundamental limits of operation. Thus, the SRF community has begun developing new materials 

and cavity treatments to further reduce Rs, maximize the superheating field (𝐻𝑠ℎ), minimize 

power loss, and optimize overall performance.
17,124,126,127,179

 In fact, defects, inhomogeneities, 

and impurities at the surfaces limit cavity quality factors and operating temperatures, limiting the 

implementation of promising new SRF cavity materials.
123,124,126,128,129,131,132

 While well-studied, 

the formation and evolution of surface defects and compositional inhomogeneities remains a 

challenging part of SRF cavity treatment design and implementation. Such an understanding of 

the role of surface structure and chemical composition as well as their resulting effects on 

superconductivity at the surface remains elusive. This relationship is not well understood, and we 

have only just begun its elucidation with simultaneous in situ atomic scale surface structure and 

surface EPC measurements on the bare metallic Nb(100) surface.
120

  

Conventional superconducting states form due to electron-phonon interactions that condense 

electrons into Cooper pairs.
8,10,16,133,180

 The electron-phonon coupling (EPC) constant (𝜆) is a 

dimensionless constant that quantifies the effective strength of electron-phonon interactions in a 

material.
10,13

 Furthermore, this constant determines many superconducting properties such as the 

critical temperature (𝑇𝐶) and superconducting gap.
10,13,16

 We have brought into effective action 

helium (He) atom scattering’s (HAS) sensitivity to both in situ high-temperature surface 

structure and surface EPC (SEPC) constant (𝜆𝑆) to connect atomic-scale surface structure with its 

effect on 𝜆𝑆 and thus surface superconductivity. Previously, we have demonstrated this capability 

by measuring 𝜆𝑆 and atomic-scale surface structure simultaneously on the unreconstructed 
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Nb(100) surface and now set forth in this work the results of a similar study on the Nb(100) 

surface oxide reconstruction.
120

 

Due to Nb’s exceptional affinity for O and spontaneous O surface segregation, Nb surfaces 

exposed to air are reconstructed by a robust and complex oxide.
181–183

 The Nb surface oxide 

system has been studied extensively with a variety of techniques and requires prohibitively high 

temperatures (<2400 K) to remove the O as sublimed NbO.
135,167,181–187

 Upon exposure to air at 

ambient conditions, a ~5 nm pentoxide film spontaneously forms.
183,186

 It has been shown 

through XPS that for both single crystal and polycrystalline Nb surfaces that the pentoxide film 

dissolves above 600 K in UHV conditions, forming a monolayer of NbO.
181,184,187

 These 

conditions match those typical of Nb SRF cavity preparations and we expect the Nb surface to 

form the thermodynamic minimum of the system, a NbO monolayer. On the Nb(100) face, the 

NbO monolayer’s most stable phase is the (3×1)-O superlattice reconstruction. In fact, this 

surface oxide reconstruction has been demonstrated with in situ high temperature helium 

diffraction and high temperature AES to be stable up to 1130 K in terms of structure, order, and 

composition.
29

 In other words, the Nb(100) face under typical SRF cavity preparations (both 

those treating the native Nb surface and those that grow new materials on it) forms a stable NbO 

surface reconstruction. Furthermore, the synergy of HAS time of flight measurements and novel 

DFT calculations found that exceptionally strong Nb-Nb and Nb-O bonds make up the (3×1)-O 

ladder protrusions, exhibiting forces significantly larger in magnitude than any forces in the bulk 

Nb and unreconstructed Nb(100) surface. In other words, these atomic-scale ladder protrusions 

were identified as a key driving force for the (3×1)-O reconstruction’s stability and is a 

significant barrier to incorporation or alloying of SRF cavity treatments. 
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While we have recently made the first measurement of surface EPC on any Nb surface, 

specifically the metallic, unreconstructed Nb(100) surface, EPC in bulk Nb has been studied 

thoroughly.
136,137,139–145,145,147

 The  𝜆 of bulk Nb has been measured by electronic Raman 

scattering (1.15),
142

 proximity electron tunneling spectroscopy (1.04 ± 0.06),
146,147

 femtosecond 

pump-probe measurements (1.16 ± 0.11),
144

 and calculated with McMillan’s expression for 𝑇𝐶 

from accompanying measurements of appropriate normal-state parameters (0.92).
139

 Recently, 

we measured the EPC of the bare metal surface to be 0.50 and used it to estimate benchmark 

superconducting properties, correlating atomic scale structure to speculative SRF cavity 

performance.
120

 The diminished EPC at the surface of the unreconstructed metallic Nb(100) 

surface implies that even without O or reconstruction the presence of an interface approximately 

halves the 𝜆. However, as established in literature, the state of a Nb(100) surface under SRF 

cavity preparation conditions readily forms the (3×1)-O surface oxide reconstruction on the 

Nb(100) face.
29,181,184,187

 The effects of interstitial O on bulk Nb superconductivity have been 

investigated.
139,140

 Note that interstitial O dissolved in the Nb lattice is distinct from an oxide 

reconstruction that forms a superlattice. DeSorbo reports
139

 that below the solubility limit 

interstitial O atoms decreases TC by 0.93 K per at.% O while Koch et al. reports
140

 that 

increasing amounts of interstitial O not only decreases TC, but also decreases the electronic 

coefficient of low-temperature-specific-heat capacity, electronic density of states at the Fermi 

level, and 𝜆. Thus, notably O impacts bulk Nb’s EPC via not just the phonons of Nb, but also via 

the electronic states.
140

 

While the measurement of the bare metal 𝜆 yields new insight, this result cannot distinguish 

the effect of the interface from that of the surface oxide reconstruction on surface 

superconductivity. Thus, there remains a critical gap in the foundational knowledge of the atomic 
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scale surface structure and composition as well as its effects on SRF cavity performance. An 

important part of that gap is the correlation of structure and composition of the NbO surface 

oxide monolayer to the resulting surface superconducting properties.  

Supersonic helium beams have been used to probe surfaces since the 1920’s. Their lack of 

penetration into the bulk, chemical inertness, and remarkably narrow velocity distributions are 

sufficient to create a truly surface sensitive technique.
19,148,149

 The de Broglie wavelength and 

narrow momentum distribution of He atoms are well matched to atomic-scale structure and allow 

for precise measurements.
5,188

 Coincidentally, the momentum and energy of He atoms 

sufficiently resonate with surface phonons, making HAS uniquely suited to measure and resolve 

low-energy phonon modes at surfaces.
12,70,148,188

 While helium atoms exchange energy with 

phonons, the helium atoms scatter off of the electron density.
20

 Thus, inelastic helium-phonon 

scattering events are actually two concerted scattering events: helium-electron and electron-

phonon. A theoretical description of this helium-electron-phonon scattering event has been 

developed for metals, semiconductors, topological insulators, 2D materials, and metallic films to 

show that the Debye-Waller (DW) factor is directly proportional to the SEPC (𝜆𝑆).
15,150,151,155–

157,159,188–191
 The derivation starts from the distorted-wave Born approximation, using second-

order perturbation theory to define electron-phonon matrix elements, and adopting additional yet 

reasonable approximations.
15,159

 The DW factor describes thermal attenuation of the scattered He 

intensity and does so as a multiplicative factor present in all scattering probabilities.
148,188

 This 

DW factor originally came from neutron and x-ray scattering, accounting for motion of nuclei in 

the lattice from thermal excitation of phonons.
5,8,148

 However, after being applied to helium atom 

scattering, the theory was developed and the role of the electron density elucidated.
150,188

 Simply 

put, the thermal excitation of phonons at or near enough to the surface perturbs the surface 
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electron density, reducing the coherence of the scattered He and measured HAS 

intensity.
15,150,159,188

 

The work presented herein provides the first measurement of 𝜆 of the (3×1)-O/Nb(100) 

surface oxide reconstruction. These results distinguish the effect of the surface oxide 

reconstruction from that of interstitial oxygen on Nb(100)’s surface superconductivity.
120

 These 

finding begin to fill a critical gap in the foundational knowledge of the effect of atomic scale 

surface structure and composition on SRF cavity performance. 

6.2  Experimental 

Measurements and surface preparations were performed in a UHV scattering instrument. The 

instrument has been detailed elsewhere, but is summarized here.
29,70,160,161

 The scattering 

instrument was made up of three main sections: a differentially pumped beam source, a sample 

chamber, and a differentially pumped, rotating detector. The sample surface was prepared and 

HAS, AES, and LEED measurements made in situ within the sample chamber. A supersonic 

atomic or molecular beam was created by expansion from a 15 μm nozzle that was cooled with a 

closed-cycle He refrigerator. A skimmer extracted the supersonic beam from the within the 

expansion, allowing the extracted portion of the expansion to continue into the second 

differentially pumped chamber. In the second differentially pumped chamber, the beam was 

pulse modulated with a mechanical chopper. The resulting supersonic beam was nearly 

monoenergetic (Δv/v ≤ 1%), making a ∼4 mm beam spot size on a 1 cm sample, scattering into 

2𝜋 steradians. A triply differentially pumped, computer-controlled, rotatable detector arm 

collected the scattered atoms or molecules with angular and temporal resolution. Once inside the 

detector, the probe atoms or molecules were ionized by electron bombardment between the 

differentially pumped detector regions, then mass selected using a quadrupole mass 
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spectrometer, and detected with an electron multiplier followed by pulse counting electronics. 

The flight path was 1.5277 m, the sum of the chopper-to-sample path of 0.4996 m and the 

sample to ionizer path of 1.0281 m. For our experiments we used a helium supersonic beam to 

probe the Nb(100) surface. 

Diffraction scans were obtained by square-wave beam modulation, with a 50% duty cycle 

and a rotating the detector at 0.2° increments with fixed incident angle and energy, with an 

overall instrument angular resolution of 0.20°. The beam was characterized by time-of-flight 

(TOF) measurements made with a single-slit chopping, 1% duty cycle pattern. The Nb(100) 

crystal was mounted on a six-axis manipulator within the HAS instrument’s sample chamber. 

This manipulator enables control over the incident angle, θi, azimuthal angle, ϕ, and tilt, χ, with 

respect to the scattering plane. Electron bombardment heating and a closed-cycle He refrigerator 

modulated the sample temperature within a range of 300 to 2300 K. Surface Preparation 

Laboratory (the Netherlands) provided the Nb(100) sample (99.99% purity, ∼0.1° cut accuracy), 

which we then cleaned in the HAS instrument by cycles of annealing and flashing up to 1900 K, 

in addition to sputtering with 1 keV Ne
+
 ions (3 μA maximum) and exposing to backfilled O at a 

surface temperature (TS) of ~1200 K to remove surface C as desorbed CO. These temperatures 

were measured with a pyrometer. Impurities identified by in situ AES were C, B, S, and N; these 

were removed by the combination of annealing, flashing, sputtering, and 1200 K TS exposure to 

O. We continued the cleaning cycles until only Nb and O was present on the surface in the 

appropriate ratio, as confirmed by AES, and until the surface was smooth enough for high-

intensity He diffraction. Due to the annealing, flashing, sputtering and O exposure process 

described above, the surface oxide reconstructed (3×1)-O/Nb(100) surface formed naturally and 

spontaneously. The (3×1)-O/Nb(100) surface structure and cleanliness was confirmed with AES, 
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LEED, and helium diffraction. During data collection, the Nb sample was periodically flashed to 

about 1200 K to eliminate unwanted surface adsorbates. Debye-Waller data was obtained by 

aligning the crystal at each surface temperature and taking diffraction scans across the specular 

peak. Each Debye-Waller measurement consisted of varying surface temperature up and then 

down a chosen temperature range, aligning the crystal and taking diffraction scan over specular 

at each temperature. These measurements were taken from the lower limit, ~550 K, of the chosen 

temperature range to the upper limit, ~750 K, then immediately back down to the lower limit. 

The lower temperature limit was determined as the lowest temperature free of substantial 

background gas adsorption in the time it took to align and take a diffraction scan. The 

temperature during the Debye-Waller measurement heating the crystal was measured with a type 

K thermocouple attached to the plate holding the crystal. 

The work function of the (3×1)-O/Nb(100) surface oxide reconstruction was calculated from 

ultraviolet photoelectron spectroscopy (UPS) measurements taken in a separate UHV chamber. 

The (3×1)-O structure was formed on a second Nb(100) single crystal, and the surface 

cleanliness was confirmed with AES. The UPS measurements were collected using a helium 

discharge lamp (Specs UVS 10/35) optimized for He I photon emission (21.22 eV) positioned 

45° above the sample plane. The photoemission spectra were collected using a cylindrical mirror 

analyzer (Staib DESA 100). The low kinetic energy portion of the UPS spectrum was obtained 

by applying a negative voltage to the Nb(100) sample with an external DC source (Agilent 

E3612A).  

6.3  Theoretical Background 

  To study the (3×1)-O/Nb(100) surface, we performed density-functional theory (DFT) 

calculations using open-source planewave software JDFTx.
162,163

 We implemented ultrasoft 
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pseudopotentials,
192

 using an effective temperature of 20 milli-Hartree and a Fermi function to 

determine electronic occupancies. The exchange-correlation energy was approximated using the 

Perdew-Burke-Ernzerhof functional (PBE).
165

 Our calculations employed planewave cutoff 

energies of 20 Hartree and 100 Hartree for the electronic wavefunctions and density, 

respectively. We computed properties of a slab with six layers of niobium atoms and two layers 

of oxygen atoms along the surface-normal direction and truncated Coulomb potentials to 

increase the accuracy of calculated surface properties.
166

 We calculated phonon properties using 

the finite-difference supercell method, perturbing atoms by 0.1 Bohrs to calculate the real space 

interatomic force constant matrix directly.
168

 To improve the accuracy of the phonon modes 

calculated, we expanded the dynamical matrix by adding sub-matrices corresponding to the 

dynamical matrix calculated for Nb bulk. We added enough elements to the matrix to emulate a 

slab 10 layers deeper than the original one. Interatomic force constant matrices for the slab were 

evaluated in a 1×3×1 supercell with a k-space sampling density equal to the unit cell's sampling 

of 3×9×1 k-points. For the Nb bulk, we evaluated in a 4×4×4 supercell with k-space sampling 

density equal to the unit cell’s sampling of the 12×12×12 k-points. 

6.4  Results and Discussion 

The (3×1)-O/Nb(100) surface oxide reconstruction was prepared and confirmed with HAS 

diffraction and AES in Figure 6.1(a) and Figure 6.1(b) respectively. Figure 6.1(a) contains a 

diffraction scan taken at 550 K along the <100>, ΓX azimuthal direction. Each peak occurs when 

the Von Laue condition holds true, or when 

 ∆𝐾 = 𝑘𝑖(sin 𝜃𝑖  − sin 𝜃𝑓) = 𝐺𝑚𝑛, (6.1) 
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where the surface-parallel component of the He wavevector 𝑘𝑖 changes by Δ𝐾; the initial and 

final scattering angles, relative to surface normal, are 𝜃𝑖 and 𝜃𝑓, respectively; and 𝐺𝑚𝑛 is a linear 

combination of reciprocal surface lattice vectors.
8,148,188

   

 

Thermal attenuation occurs due to thermally excited phonons disturbing the electron density 

at the surface. This thermal attenuation is described by the following relation, 

Figure 6.1: Representative (a) AES adjusted for scale and staggered for visual clarity as well 

as (b) He atom diffraction spectra along the <1̅00> symmetry axis ; AES and diffraction 

spectra were taken before and after the DW measurements on (3x1)-O/Nb(100) surface. In 

panel (a), the primary Nb peak is evident at 167 eV, the secondary Nb peak at 192 eV, and the 

primary O (503 eV) peak is present in the appropriate range, O/Nb ~ 0.15 – 0.3, for the (3x1)-

O. There is an absence of C (270 eV) and N (379 eV) peaks, indicating a clean Nb surface. In 

panel (b), there is only the first order diffraction peak. The superlattice peaks of the most 

likely reconstruction, the oxide reconstruction, lie upon this symmetry direction and are 

evident. 
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 𝐼(𝑇𝑆) = 𝐼(0)𝑒−2𝑊(𝑇𝑆), (6.2) 

where 2W is the DW factor. The traditional definition of the DW factor is 

 2𝑊(𝑇𝑆) =  〈∆𝑘 ∙ 𝑢(𝑇𝑆)〉2, (6.3) 

 where ∆𝑘 is the change in wavevector of the scattered He and 𝑢 is mean squared displacement 

(MSD) of the surface atoms.
26

 Recently, Manson et al. has derived a relationship between 2W 

and the surface EPC constant via reasonable approximations, yielding the direct proportionality 

for metal surfaces above the surface Debye temperature, 

 𝜆𝐻𝐴𝑆  ≅  −
𝑑 ln 𝐼00

𝑘𝐵𝑑𝑇𝑆

𝜙

6𝑍

𝑘𝐹
2

𝑘𝑖𝑧
2 , (6.4) 

where 𝐼00 is the intensity of the specular reflection, 𝜙 is the work function, Z is the number of 

free electrons per atom, 𝑘𝐹 is the Fermi wavevector, and 𝑘𝑖𝑧 is the surface perpendicular (z) 

component of the incident helium incident wavevector.
15,159

 In a DW measurement, diffraction 

scans were taken over the specular peak up and down the temperature range, ~550 K to ~750 K, 

for three beam energies (Figure 2). These DW runs were taken immediately following and after 

confirmation of structure and composition with He diffraction and AES respectively, ensuring 

cleanliness.  
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Figure 6.2: Representative thermal attenuation of the specular peak is observed in (a), where 

diffraction scans through the range were taken proceeding up the temperature range to 750 K 

and then back down to 550 K. The intensity values are taken from these specular reflections 

and plotted in (b). In (b) the ln of specular intensity is plotted versus surface temperature for 

three beam energies. A linear line is fit to the data, providing I0 from the y-intercept fitting 

parameter. I0 is the specular intensity at 0 K with a perfectly still surface. The fit also provides 

a slope fitting parameter that is equal to 
𝑑 ln 𝐼00

𝑑𝑇𝑆
. From this slope and a work function from 

UPS, average number of free electrons per atom, and estimated Fermi wavevector, we 

calculate 𝜆 = 0.20 ± 0.06 for the (3x1)-O/Nb(100) surface reconstruction. 
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The beam energies we used were sufficiently low to require the so-called Beeby correction. 

The Beeby correction accounts for acceleration due to the attractive portion of the helium-

surface potential well depth, D.
27

 The Beeby approximation is commonly used to correct for this 

effect, taking into account the acceleration of the helium atom from the helium to surface 

potential before scattering. In the Beeby approximation, the potential well depth is added to the 

incident helium beam energy. This quantity can be related to the DW factor by expanding the 

traditional expression for the DW factor with standard kinematics. Upon substitution, restriction 

to specular scattering, and rearrangement, the relation, 

 𝜎 = −
𝑑(2𝑊)

𝑑𝑇𝑆
=  4𝑘𝑖

2 𝑑〈𝑢𝑧
2〉

𝑑𝑇𝑆
[cos2𝜃𝑖 +  

𝐷

𝐸𝑖
], (6.5) 

is obtained, where 𝜎 is the negative slope of a DW linear plot, 𝑘𝑖 is the helium incident 

wavevector,  𝜃𝑖 is incident angle relative to surface normal, 𝐷 is the helium-surface potential 

well depth, and 𝐸𝑖 is the helium incident energy.
27

 Thus, a fit of DW decay, 𝜎, versus 𝑘𝑖
2cos2𝜃𝑖 

yields the helium-surface potential well depth and the first derivative of the mean-square 

displacement with respect to surface temperature. These diffraction scans and the corresponding 

plot of 𝜎 versus 𝑘𝑖
2cos2𝜃𝑖 are in Figure 6.3. 
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Figure 6.3: A plot of 𝜎 versus 𝑘𝑖
2cos2𝜃𝑖 and its fit provides the helium-surface well depth, 4.7 

meV, and the surface Debye temperature, 390 ± 10 K. Obtaining a value for the well depth, 𝐷, 

allows us to correct our incident beam energy in the so called Beeby correction. The surface 

Debye temperature verifies the DW measurements were made in the high temperature limit of 

Bose-Einstein phonon population function required for equation 6.3 to apply. Additionally, the 

Debye temperature is used in calculating the Tc from the measured λ from the McMillan 

equation. 

From the fitting parameters, the helium to surface well depth of 4.7 meV was obtained, and a 

surface Debye temperature of 357 K was determined from the mean squared displacement with 

the Debye model. 
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Complementary DFT calculations of phonon modes provide theoretical MSD values. The 

HAS intensity-vs-temperature data can be converted into MSDz-vs-temperature data using the 

traditional definition of the DW factor (eq. 6.2, 6.3) and the Beeby correction to correct the 

incident He wavevector.
27,193

 The excellent agreement between HAS data and the 

complementary DFT calculations through the MSDz can be seen in Figure 6.4. 

 

Figure 6.4: Comparison of HAS data and DFT via MSDz (surface perpendicular portion of the 

MSD). Upper and lower bounds were calculated averaging over single atoms and local averaging 

in the unit-cell respectively. The local averaging takes the average over nearest and next nearest 

neighbors. This takes into account the finite volume of the He atom and the fact that it interacts 

with multiple surface atoms in a single impulsive scattering event. Thus, the apparent MSDz 

calculated from local averaging has excellent agreement with the HAS data. 

The lines in Figure 6.4 represent the apparent MSDz calculated with 

 ⟨(𝑢𝑧
2)a⟩𝑇 =

1

𝑝2
⟨(∑ 𝑢𝑧(𝜅)𝑝

𝜅=1 )
2

⟩
𝑇

,  (6.6) 
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where 𝑝 is the number of atoms on the surface, and 𝑢𝑧(𝜅) is the atomic displacement operator in 

the normal direction to the surface for the 𝜅-th atom, calculated with 

 𝑢𝑧(𝜅) = √
ℏ

2𝑁𝑚𝜅
∑

𝑎𝒒𝑗̂+𝑎−𝒒𝑗
†̂

√𝜔𝒒𝑗
𝒒𝑗 𝑒𝒒𝑗

𝑧𝜅𝑒𝑖𝒒⋅𝒓(𝜅),  (6.7) 

where the summation samples phonon modes 𝑗 at wavevectors 𝒒 throughout the surface’s 

Brillouin zone. 𝑒𝒒𝑗
𝑧𝜅 is the component of the phonon eigenvector corresponding to the normal 

displacement of the surface atom of mass 𝑚𝜅, and the Bose factor 𝑛(𝜔𝒒𝑗)  =  𝑎−𝒒𝑗
† 𝑎𝒒𝑗 weights 

the displacements of each sampled phonon mode at temperature 𝑇.188  

Following a similar approach to that used for the metallic, unreconstructed Nb(100) 

surface
120

, we considered the range of interaction of the electron density of the He atom 

compared to the electron density of the atoms on the surface, given the distance between them. 

The upper bound averages over single atoms in the unit cell, considering a shorter interaction 

range than expected. The lower bound in Figure 4 uses Equation 5 to average over nearest and 

next-to-nearest neighbors, which is often used in literature.
120,193

  

Before we can use the DW slope to calculate λ, we must choose values for the (3×1)-

O/Nb(100)’s work function, number of free electrons per atom, and Fermi wave vector. The 

(3×1)-O / Nb(100) work function was found to be 4.5 ± 3.8E-2 eV and was calculated by 

subtracting the width of the UPS spectra from the incident photon energy (21.22 eV) as shown in 

Fig. 6.5. The secondary electron cutoff (SECO) energy was obtained by calibrating the Fermi 

level using a Au reference sample.
184,194–196
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Figure 6.5: UPS spectra of the (3×1)-O / Nb(100) surface using a He I α photon (Ehν: 21.22 eV) 

with no external bias (black curve) and a -6 V bias (blue curve). The work function was 

calculated using the inset equation. ESECO of 16.74 eV was found by linearly fitting the SECO 

x-intercept for the UPS spectrum that was collected with a -6 V bias. The binding energy and 

fermi level was calibrated using a Au reference sample. The reported error for the work function 

was determined using the energy resolution of the analyzer used in the UPS measurements. 

This fits well with literature that agrees that the work function of Nb, 3.99 eV,
8
 generally 

increases with O impurities and oxide reconstructions, but O can have non-monotonic effects on 

the work function.
197,198

 The number of free electrons per atom becomes a weighted average 

between the number of free electrons of Nb and O atoms in the (3×1)-O unit cell, yielding 2.7 

free electrons per atom. The Fermi wave vector was calculated from the number of free electrons 

using the free electron model to calculate a Fermi wavevector of 0.89 Å
-1

.
8
 The DW slope and 

these chosen values of the work function, number of free electrons per atom, and the Fermi wave 

vector were used to calculate a λ of 0.20 ± 0.06 for the (3×1)-O/Nb(100) surface. 
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This is the first recorded value of λ for the (3×1)-O/Nb(100) surface oxide reconstruction. 

For reference and clarity, the recorded λ values for bulk Nb are 1.15, 1.04, 1.16, and 0.92, almost 

twice that of the unreconstructed, metallic Nb(100) surface, 0.50 ± 0.08.
120,136,137,139–145

 While the 

interface even without O or reconstruction diminishes EPC, the (3×1)-O reconstruction further 

diminishes EPC. 

Each preparation of the (3×1)-O has different amounts of subsurface oxygen. We can make a 

plot of measured (3×1)-O EPC versus AES O content to probe the effect of subsurface oxygen 

on the (3×1)-O reconstruction’s EPC (Fig. 6.6). 

 

Figure 6.6: The EPC constants were extracted from the DW slopes plotted in Figure 6.2 (b) and 

plotted against O/Nb from AES. There is an apparent diminishing of λS with varying subsurface 

O. The amount of subsurface oxygen has no significant effect on the SEPC of the (3×1)-O 

reconstruction. These results show that while the (3×1)-O diminishes the SEPC of the metallic, 

unreconstructed Nb(100) surface, it also stabilizes the SEPC against the effects of subsurface O.  

We find that the amount of subsurface oxygen has no significant effect on the SEPC of the 

(3×1)-O reconstruction. This is distinct from the effect of subsurface oxygen and carbon on the 

SEPC of the unreconstructed, metallic Nb(100).
120

 The unreconstructed, metallic Nb(100) SEPC 

had a monotonic decrease with accumulation of subsurface O and C.
120

 However, the (3×1)-O 
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surface oxide reconstruction is not only robust in terms of its high thermal stability and strong 

interatomic forces, but also in that its SEPC is not significantly altered by subsurface oxygen.
29,70

 

These results indicate that even if one got rid the problematic oxide
132

 within an SRF cavity it 

would introduce a greater susceptibility to impurities.  

To elucidate the significance of the (3×1)-O surface oxide reconstruction’s diminished λ, we 

will estimate the critical temperature of this material. In fact, using the Dynes’ version of 

McMillan’s equation along with our measured λ and surface Debye temperature as well as the 

standard range (0.1 – 0.15) for the renormalized Coulomb repulsion, we find a TC ≤ 6.2E-4 K.
13

 

We see that the surface oxide reconstruction significantly diminishes the TC to the point that it is 

not a feasible superconductor on its own. However, the proximity effect occurs when a normal 

material and superconducting material are in contact with one another.
199–201

 Cooper pairs leak 

into the normal state imparting some superconductivity, while the exodus of Cooper pairs from 

the superconducting material diminishes its superconducting properties.
202–204

 Thus, the (3×1)-

O/Nb(100) interface will diminish the superconductivity of the underlying bulk Nb while its own 

is increased. Additionally, neither the (3×1)-O superlattice nor the HAS probe depth approach 

the ~100 nm RF field penetration depth of Nb SRF cavities.
6,15,135,159

 The (3×1)-O/Nb(100) does 

not quench superconductivity, but is expected significantly diminish the overall superconducting 

performance on the interface and in the underlying, near-surface bulk. 

This continues to build a necessary, missing, fundamental understanding of the effects of the 

surface structure and composition on EPC and superconducting properties. Now we can begin to 

understand the changes to the surface by carbon impurities, N doping, Sn alloying, and other 

SRF cavity preparations. These results provide the first measurement of 𝜆 of the (3×1)-

O/Nb(100) surface oxide reconstruction and distinguishes the effects of structure and 
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composition of the NbO monolayer surface oxide on the resulting surface superconducting 

properties. 

6.5  Conclusion 

The (3×1)-O/Nb(100) surface λS was measured to be 0.20 ± 0.06 and its atomic-scale surface 

structure confirmed, with our findings further supported by consistency between our measured 

HAS Debye-Waller factors and ab initio density-functional theory predictions. The λS measured 

for the (3×1)-O surface reconstruction is further diminished from the metallic, unreconstructed 

Nb(100) value and further from diminished the reported bulk Nb λ values. Furthermore, the 

amount of subsurface oxygen has no significant effect on the λS of the (3×1)-O reconstruction. 

Thus, while the metallic, unreconstructed Nb(100) surface is significantly affected by 

accumulated C and O, the (3×1)-O reconstruction stabilizes its λS against the effects of 

subsurface O. The significance of Nb(100)’s diminished EPC was further elucidated by 

estimating relevant superconducting properties from the measured λS, surface Debye 

temperature, known material parameters, and well-established equations. Due to the low λS, a 

negligible critical temperature (TC) ≤ 6.2E-3 K was estimated using the McMillan equation. 

However, this indicates that at operational temperatures of ~2 K the (3×1)-O/Nb(100) 

reconstruction is not superconducting on its own. However, the proximity effect indicates that a 

thin normal metal on top of a superconductor exhibits some superconducting properties while the 

superconductor’s properties are diminished. These results contain the first measurement of 

(3×1)-O/Nb(100) λS, distinguish the effects of surface structure and chemical composition on λS, 

and indicate that the (3×1)-O/Nb(100) surface has diminished superconducting properties 

relative to the unreconstructed, metallic Nb(100) and the Nb bulk. 
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Chapter 7 

Conclusion and Future Directions 

This thesis reports the first measurement of high temperature (3x1)-O/Nb(100) structure 

as well as its phonon dispersions and interatomic forces. Furthermore, it contains the first 

measurement of SEPC of the metallic, unreconstructed Nb(100) surface and the (3x1)-

O/Nb(100) surface oxide reconstruction. In making these measurements, we have brought into 

effective action helium atom scattering’s (HAS) unique capability for in situ high temperature 

measurements of surface structure, vibrational dynamics, and surface electron-phonon coupling 

(SEPC, λS). 

These measurements began with the high temperature persistence of the (3x1)-

O/Nb(100)’s structure,  composition, and order under SRF cavity preparation conditions. A 

significant driving force for the (3x1)-O/Nb(100)’s thermal stability was elucidated with inelastic 

HAS TOF measurements and ab initio density-functional theory (DFT) calculations, revealing 

abnormally strong Nb-O and Nb-Nb bonds that make up the characteristic ladder structure. This 

means the ladder crests of the (3x1)-O/Nb(100) not only introduces new, relatively strong Nb-O 

interactions, but it significantly strengthens the Nb-Nb interactions. In this way the (3x1)-

O/Nb(100) passivates and stabilizes the surface. These results demonstrate the significant role 

niobium oxides play in the optimization of growth strategies and coating procedures for next–-

generation SRF materials. 

Next the atomic-scale structure’s effect on the superconductivity was investigated using 

HAS’s sensitivity to EPC. HAS simultaneously measured the surface electron-phonon coupling 

(EPC, SEPC) constant (𝜆, 𝜆𝑆) and in situ high temperature atomic-scale surface structure of the 
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unreconstructed, metallic Nb(100) surface as well as the (3x1)-O/Nb(100) oxide reconstruction. 

Ab initio DFT with local averaging agrees well with the HAS data. Furthermore, some variations 

in subsurface C and O and their effect on the SEPC are discussed. The Nb(100) surface 𝜆𝑆 is 

0.50 ± 0.08 while that of the (3x1)-O/Nb(100) surface oxide reconstruction  is 𝜆𝑆 is 0.20 ± 0.06. 

The 𝜆𝑆 measured for the Nb(100) surface is ~1/2 the reported bulk Nb 𝜆 values. These results 

indicate that the Nb(100) surface has decreased superconducting properties relative to the bulk. 

This study shows that these effects may be due also to the interface itself even without oxygen. 

Additionally, the λS measured for the (3×1)-O surface reconstruction is further diminished from 

the metallic, unreconstructed Nb(100) value and the reported bulk Nb λ values. Furthermore, 

varying subsurface O has no significant effect on the λS of the (3×1)-O reconstruction. While the 

metallic, unreconstructed Nb(100) surface is significantly affected by accumulated subsurface C 

and O, the (3×1)-O reconstruction stabilizes its λS against the effects of subsurface O. 

While extensive study of potential SRF cavity treatments is underway, the results 

reported within this thesis have only just begun fundamental studies correlating atomic scale 

surface structure with changes in the superconducting state. We have already demonstrated the 

capability to correlate atomic scale surface structure and chemical composition with λS for both 

the unreconstructed, metallic Nb(100)  surface and the (3x1)-O/Nb(100) surface oxide 

reconstruction. These are the first measurements of λS at any Nb surface. Furthermore, these 

results begin building a necessary foundational understanding of the effects of atomic scale 

surface structure on superconductivity. With this understanding in hand, we plan to investigate 

changes in atomic scale surface structure from doping, alloying, capping layers, and defects, 

revealing their effects on surface superconductivity. Furthermore they begin to build a 

fundamental understanding of the effects of the surface on superconducting properties. Now we 
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can begin to understand the changes to the surface by carbon impurities, N/Zr doping, Sn 

alloying, Ag/Zr capping layers and other SRF cavity preparations. These proposed measurements 

will build upon these results, enabling SRF cavity surfaces by design. 

In ongoing work, the effects of various SRF cavity treatments are being replicated on the 

metallic Nb(100) surface and (3x1)-O/Nb(100) surface oxide reconstruction and then studied 

with HAS. HAS is especially suited to measure and quantify changes in lattice spacing, defects, 

disorder, surface reconstructions, grown alloys, and films. Furthermore, the HAS instrument 

allows precise control of the system. This ongoing work has started with N-doping a (3x1)-

O/Nb(100) surface oxide reconstruction. To correlate atomic-scale surface structure and 

composition with its effect on λS, and ultimately benchmark superconducting properties, high 

resolution helium diffraction will obtain in situ high temperature atomic-scale structure, Auger 

Electron Spectroscopy (AES) will determine chemical composition, and thermal attenutation of 

helium reflectivity (Debye-Waller measurement) will measure λS. Furthermore these 

measurements will be made before and after treating pristine Nb material surfaces with alloying, 

doping, capping layers, and defects to mimic SRF cavity treatments. These treatments include 

Sn/Zr deposition, Zr/N doping, and controlled Zr/Au/Nb3Sn film growth on Nb single crystals.  
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Appendix A 

Copyright Attribution 

Chapter 3 is an adapted version of the article, McMillan, A. A.; Graham, J. D.; Willson, S. A.; 

Farber, R. G.; Thompson, C. J.; Sibener, S. J. Persistence of the Nb(100) Surface Oxide 

Reconstruction at Elevated Temperatures. Superconductor Science and Technology 2020, 33, 

105012, before peer review or editing, as submitted by A. A. McMillan to Superconductor 

Science and Technology. IOP Publishing Ltd is not responsible for any errors or omissions in 

this version of the manuscript or any version derived from it. The Version of Record is available 

online at https://iopscience.iop.org/article/10.1088/1361-6668/abaec0.
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Chapter 4 is reproduced from McMillan, A. A.; Thompson, C. J.; Kelley, M. M.; Graham, J. 

D.; Arias, T. A.; and Sibener, S. J. A Combined Helium Atom Scattering and Density-Functional 

Theory Study of the Nb(100) Surface Oxide Reconstruction: Phonon Band Structures and 

Vibrational Dynamics. J. Chem. Phys. 156, 124702 (2022) with the permission of AIP 

Publishing. Copyright 2022 The Journal of Chemical Physics.
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Chapter 5 is reproduced from Thompson, C. J; Van Duinen, M. F.; Kelley, M. M.; Arias, A. 

A.; Sibener, S. J. Correlating Electron-Phonon Coupling and in situ High Temperature Atomic-

Scale Surface Structure at the Metallic Nb(100) Surface by Helium Atom Scattering and 

Density-Functional Theory. J. Phys. Chem. C 128, 14, 6149-6157 (2024) with the permission of 

AIP Publishing. Copyright 2024 The Journal of Physical Chemistry C.
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Chapter 6 is reproduced from Thompson, C. J.; Van Duinen, M. F.; Mendez, C.; Willson, S. 

A.; Do, V; Arias, T. A.; Sibener, S. J. Distinguishing the Roles of Atomic-Scale Surface 

Structure and Chemical Composition in Electron Phonon Coupling of the Nb(100) Surface Oxide 

Reconstruction. J. Phys. Chem. C 128, 25, 10714-10722 (2024) with the permission of AIP 
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