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ABSTRACT
Helium atom scattering 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 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.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0085653

I. 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.1,2 High-energy accelerators propagate large,
radiofrequency (RF) electromagnetic fields within superconduct-
ing RF (SRF) cavities to generate and control beams of charged
particles.3 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.4 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 elemen-
tal superconductors (Tc = 9.3 K) and has low RF surface resistance
at operating temperatures of about 2 K.5–8 Additionally, Nb is
thermally conductive and malleable; it can be cooled effectively
and formed into SRF cavity shapes.5,9 High-energy particle accel-
erator facilities, such as those at Fermi National Accelerator Lab
and the European Council for Nuclear Research (CERN), require
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a large series of SRF cavities to produce intense and accelerated
beams—these series are up to tens of km in length.9–11 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.6,12 Fur-
ther developments in cavity surface preparation techniques, and
even new surface materials, are needed to improve accelerator
performance, raise operating temperatures, and lower operational
costs.1,6,13

Niobium has a strong affinity for oxygen. When exposed to
air, Nb’s surface forms an oxide layer that may be altered by tem-
perature treatments but will return persistently, implying that Nb
components in accelerators are covered by an oxide layer.14,15 Due
to the penetration depth of RF fields, changes in the oxide signif-
icantly affect the chemistry of SRF cavity treatments and resulting
cavity performance.4 To gain a thorough and accurate understand-
ing of the interfacial mechanisms driving the performance and
development of SRF cavities, we first must investigate the chem-
istry, structure, and dynamics of oxidized Nb surfaces. The struc-
tures of the oxides formed on Nb(100), Nb(110), Nb(111), and
polycrystalline Nb have been well characterized, especially at low
temperatures.15–26 Very recently, helium atom scattering (HAS) and
Auger electron spectroscopy (AES) were used to characterize the
evolution of an 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.27 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 1920s.28 Supersonic He beams are suited to study surfaces due
to their lack of penetration into the bulk, inertness, and unusually
narrow velocity distributions.29–33 Helium atoms’ momentum and
energy are well matched to those of surface phonons, giving
HAS a unique ability to measure and resolve low-energy phonon
modes.29–35 These modes, particularly the Rayleigh mode, are
sensitive to changes in surface interatomic forces and bonding.36 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.37–39

Neutron scattering revealed unusual phonon anomalies for bulk
Nb modes along high-symmetry directions.37–41 These phonon
dispersion curves were best fit by a model that includes elec-
tronic degrees of freedom, indicating that the anomalies are caused
by electron-phonon coupling (EPC).37 Additionally, Kohn anoma-
lies along low-symmetry directions also point to electron-phonon
interactions.40,41 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.37

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.36 Density-
functional theory (DFT) is a first-principles approach that can
create a lattice-dynamical model that includes the role of free elec-
trons in interatomic forces.36 By reframing the quantum many-body
problem into an auxiliary system of independent electrons inter-
acting 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.42 In addition, DFT can provide ab initio estimates
to quantify the extent of the electron-phonon interaction for a
given phonon mode, which correlates directly with the intensity of
inelastically scattered He for that phonon.36

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.

II. EXPERIMENTAL
A. 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.43 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 pass-
ing through a skimmer, the beam was modulated by a mechanical
chopper before colliding with the Nb surface. The resulting super-
sonic He beam was nearly monoenergetic (Δv/v ≤ 1%) and hit the
1 cm sample with a ∼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 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. Angu-
lar 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.44 TOF spectra often were taken multiple times under
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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 to 1900 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 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)-O 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, Nb2O5 layer
reduces to NbO2 and then NbO.45–47 Annealing Nb(100) between
870 and 1970 K causes the (3 × 1)-O ladder structure to form
spontaneously;16 bare Nb is not seen with anneal temperatures lower
than 2500 K.16,19 We confirmed the presence of the ladder struc-
ture 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.

B. Density-functional theory
We calculated electron and phonon properties of Nb and NbO

with DFT using the open-source plane-wave software JDFTx.48,49

The electronic states for the outer electrons of Nb (4p65s24d3) and
O (2s22p4) were calculated by treating exchange and correlation
effects with the Perdew-Burke-Ernzerhof (PBE)-sol functional and
applying the corresponding ultrasoft pseudopotentials parameter-
ized for the functional.50,51 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 Nb were calculated by sampling 183 k-points in the Brillouin
zone and solving for 15 bands, with electron occupancies corre-
sponding 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.19 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 ten-layer slab was used to calculate the properties of
Nb(100) and an asymmetric eight-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, ten-layer
Nb(100) slab to ensure that relevant properties converged. To model
the experimental 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 eight-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 and 3.14 Å for the threefold
and onefold vectors, respectively.18 The resulting phonon frequen-
cies 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 comparing 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 to 0.5 a0 to calculate
the real space interatomic force constant matrix directly.52 Adequate
supercell sizes were 6 × 6 × 6 for bulk BCC Nb, 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 densely sample the Brillouin
zone with the Monte Carlo method.53

III. THEORETICAL BACKGROUND
Niobium is a conventional superconductor.7 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.54 Theoretical predictions are improved by applying the
higher order Eliashberg theory within a DFT framework to calculate
EPC explicitly.52,55,56 By transforming into an MLWF basis, we
calculate directly how electrons couple to various lattice distortions
to extract the quantities relevant in predicting inelastic He-scattering
rates.57 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,58

gqν
nk,n′k+q = (

h̵
2Mωqν

)
1
2

⟨ψn′ ,k+q∣
dVe−i

duqν
⋅ ϵ̂qν∣ψn,k⟩, (1)

where uqν and ωqν are the atomic displacements and frequencies,
respectively, for the phonon mode ν with crystal momentum q and
polarization vector ϵ̂qν, 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 as59

γqν = 2πωqν∑n,n′ ∫
d3k
(2π)3 ∣g

qν
nk,n′k+q∣

2
δ(eq,n − eF)δ(ek+q,n′ − eF).

(2)

These linewidths then determine the dimensionless EPC constants,

λqν =
γqν

πh̵N(eF)ω2
qν

, (3)

J. Chem. Phys. 156, 124702 (2022); doi: 10.1063/5.0085653 156, 124702-3

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

where N(eF) denotes the electronic density of states (DOS) 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.60–64 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 including
the exponential decay of the He wave functions into the material,
and define the surface-projected EPC constants as

λQν ∝∑Qν,κ∣e
α=z(Qν)∣2λQν exp(−βzκ)δ(E − h̵ωQν). (4)

Here, κ labels the atoms, z represents the atoms’ distance beneath
the surface, β is the He 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.60–63 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.36,65

IV. RESULTS AND DISCUSSION
Helium diffraction scans from the (3 × 1)-O Nb(100) surface

are shown in Fig. 1. Figure 1(a) is a representative angular scan along

the ⟨100⟩, ΓX azimuthal direction, while Fig. 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
and 410 K for Figs. 1(a) and 1(b), respectively]. The scan in Fig. 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 ∼2.6 times more intense than the next largest, first-order
(01) diffraction 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.35 In particular, we note that the first-order diffraction
peak intensity is within the same order of magnitude as the specu-
lar 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.37 Each peak occurs when the Bragg equation
holds true; that is, when

ΔK = ki(sin θi − sin θf ) = Gmn, (5)

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)

FIG. 1. Representative He atom diffrac-
tion 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.
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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 Fig. 1(b) was taken at an incident angle of
θi = 35.1○ in the ⟨110⟩, ΓM direction. Since the (3 × 1)-O reconstruc-
tion 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.35

For inelastic, in-plane scattering, the conservation of energy
and crystal momentum dictates possible scattering angles and ener-
gies. 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 following equation:

ΔK = kf sin θf − ki sin θi = Gmn +Q, (6)

where Gmn again is a linear combination of reciprocal surface lattice
vectors and Q is the two-dimensional wavevector for a phonon with
energy hω. By substituting relevant energies [Eq. (7)] and rearrang-
ing, the scan curve indicating accessible phonons can be extracted
[Eq. (8)],

ΔE = Ef − Ei =
h̵2k2

f

2m
− h̵2k2

i

2m
= h̵ω(Q), (7)

ΔE
Ei
=
(sin θi − ΔK

ki
)

2

sin2 θf
− 1. (8)

Systematically varying incident beam energy and angle while captur-
ing TOF spectra moves the scan curve across the surface Brillouin
zone (SBZ) and maps out surface phonon resonances.

Figure 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 inten-
sity 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. Figures 2(a)
and 2(b) were taken with incident energies Ei = 16 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 a given spectrum with multiple
Gaussian functions and extracting the function centers. That time
then was correlated with a specific ΔE and ΔK for the He beam and
plotted, along with the corresponding scan curve, in the insets of
Fig. 2.

Figure 3 shows similar TOF spectra but taken along the ⟨110⟩,
ΓM axis. Along this axis, we held the surface temperature at either
TS = 300 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
Fig. 3 contains cross-correlation data. Figure 3(a) was taken with
TS = 410 K, Ei = 10 meV, and θi = 21.1○, while TS = 300 K,

FIG. 2. Representative cross-correlation
TOF spectra for the (3 × 1)-O Nb(100)
surface along the ⟨100⟩ symmetry axis,
under different incident and final con-
ditions. 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 repre-
sentative scan curves for each spectrum.
Black dots indicate phonon peak posi-
tions; ΔE is the energy gained or lost by
the He beam.
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FIG. 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. ΔE is
the energy gained or lost by the He
beam.

Ei = 21 meV, and θi = 27.2○ for Fig. 3(b). Phonons are identified
with black arrows and we obtained peak positions in the same man-
ner as for Fig. 2. Phonon positions in the SBZ with corresponding
scan curves are shown in the figure insets.

All measured phonon peak positions are shown in Fig. 4, with
Fig. 4(a) showing data taken along the ΓX axis and Fig. 4(b) along the

ΓM axis. As in Figs. 2 and 3, these extended SBZs are as measured
by the He beam, with ΔE indicating energy gained or lost by the
beam. Multiple phonon resonances are seen in both axes and will be
discussed below with DFT results.

Figure 5(a) shows the DFT-calculated phonon modes of bulk
Nb along the BCC Brillouin zone symmetry directions (colormap)

FIG. 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 mea-
sured by the He beam, where ΔE indi-
cates energy gained or lost by the He
beam.
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FIG. 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.38 Surface
phonons along symmetry directions ΓX and ΓM 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.

compared with neutron scattering data from literature (white
circles).38 The DFT-calculated modes reproduce previously calcu-
lated and measured results, confirming the accuracy of the method
used.37,38 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.37,39

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 Nb 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 ten-layer slab and inserting 120 bulk layers into
its dynamical matrix. These results are shown in Fig. 5(b) along
symmetry directions ΓX and ΓM and are overlaid with a colormap
of the top-layer surface phonon density of states (DOS). By exam-
ining 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 M. In
Fig. 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 example, what once were acoustic
modes can now, after folding, appear as optical modes. This process
is illustrated in Fig. 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 the Γ-point.

Figure 6 shows the results from our calculated EPC strengths
for bulk Nb projected onto the (100) 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 Eq. (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 Γ-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 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 Γ, ∼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
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FIG. 6. Surface EPC strengths along SBZ symmetry directions ΓX (left column)
and ΓM (right column), projected from bulk Nb (top row) onto the SBZ and pro-
jected onto the exponentially weighted z-displacements using Eq. (4) for (middle
row) the bare Nb(100) surface and (bottom row) the (3 × 1)-O Nb(100) sur-
face. Coupling strengths are indicated by brightness level, with brighter colors
corresponding to stronger coupling.

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 Γ point for 0–3 meV; near the X point
around 5 meV; and near 0.5 π/a along ΓM 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 HAS
with EPC strengths.36 In Fig. 7, HAS phonon data are overlaid
on the calculated dispersion plot for (3 × 1)-O Nb(100), where
experimental data points are shown as white dots and 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

FIG. 7. Phonons for the (3 × 1)-O Nb(100) surface measured with HAS (white
dots), overlaid on DFT-calculated surface EPC strengths projected onto z-
displacements, using Eq. (4). Coupling strengths are indicated by brightness level,
with brighter colors corresponding to stronger coupling. HAS data and theoretical
predictions along ΓM were translated back into the first BZ of cubic Nb(100), while
the data along ΓX was folded back to the (3 × 1)-folded BZ of the ladder structure.

were measured. The highest density of measured points, near X
around 6 meV and near 0.25 π/a along ΓM around 3 meV, corre-
sponds well with the stronger EPC calculated by DFT. Along the ΓX
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 Rayleigh mode while the upper is longitudi-
nal, but as will be seen in Fig. 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.66

There also are two modes measured with HAS along the ΓM
direction, with the lower mode again being the Rayleigh mode. By
comparing the EPC strengths for Nb(100) and (3 × 1)-O Nb(100)
in Fig. 6, we attribute the upper measured mode primarily to the
addition of the oxide on the surface. This corresponds with the trend
seen in Fig. 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 ΓM, indicating a
lattice instability, which often is accompanied by a symmetry break-
ing and may be related to the oxide reconstruction, but requires
further analysis.67

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.37 Our data and
that from Hulpke et al. both show two measured modes along ΓX
and ΓM.37 Along ΓX, these modes agree between the two surfaces,
though our data extends much farther into the first SBZ, limiting the
comparison. Along ΓM, however, the high-energy mode is signifi-
cantly stiffened for the oxide surface. This increase in energy ranges
from about 2 to 4 meV: larger differences are seen closer to Γ, while
the difference decreases somewhat as the mode disperses through
the BZ. As will be seen in Fig. 9, the stiffening of the phonon mode
corresponds with increased surface force constants for the oxide and
indicates that the oxide stabilizes the Nb(100) surface. The lower,
Rayleigh mode measured along ΓM appears to follow that measured
for metallic Nb, but as with the ΓX direction, the data from Hulpke
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FIG. 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 Fig. 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 ΓX at 6.8 meV and the displacements in the (lower) orange box correspond to the mode along ΓM 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.

FIG. 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.
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et al. do not extend far into the first SBZ, and we are not able
to compare data near the M zone edge, though this is where the
DFT-calculated Rayleigh wave appears to differ most between the
two surfaces in Fig. 6.37

Figure 8(a) shows the top layer DOS projected onto the SV
or L displacements of (3 × 1)-O Nb(100) surface atoms. This pro-
jection allows us to assign polarizations to the modes measured by
HAS. Along ΓX, the lowest measured mode, or the Rayleigh mode,
is almost entirely SV, while the higher modes are mixed L and SV.
Along ΓM, 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
Fig. 5(c).

Two specific phonons measured by HAS are examined in
Fig. 8(b): one along ΓX (upper violet box) and one along ΓM (lower
orange box). Figure 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 Fig. 8(a) and by the direction of the arrows in
Fig. 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 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 it was perturbed along the surface, which is labeled
by a black, five-pointed star and illustrated in Fig. 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 when another atom in
the crest is disturbed along the surface-normal direction, as seen in
Fig. 9(b). A surface-parallel perturbation of a Nb atom within the
crest causes a relatively high response in a neighboring Nb atom
3.1 Å away, also in the surface-parallel direction [black triangle in
Fig. 9(c)]. Most of the force constants that involve O atoms, shown
by the red and blue markers in Fig. 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 Fig. 9(b) and
blue triangle in Fig. 9(c)].

Our work shows that the (3 × 1)-O superlattice structure
significantly modifies the forces of bulk Nb and the unrecon-
structed, 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 perturba-
tions. This result explains the high-energy phonon resonances in the
dispersion plot shown in Fig. 7 and stabilizes the Nb surface, leading

to Nb’s strong affinity for O.14,15 Additionally, the strengthened
Nb–Nb bonds indicate a heightened Nb diffusion barrier at the
surface.68 The (3× 1)-O structure could inhibit nucleation and alloy-
ing at the surface, raising surface melting temperatures and the
alloying temperatures of relevant SRF materials such as Sn.69–71

Recent work by Farber et al. characterizes Sn adsorption and
diffusion behavior on the (3 × 1)-O Nb(100) surface reconstruc-
tion.72 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 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.

V. 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 sur-
face show a large increase in phonon modes for the oxide, especially
at higher energies. We calculated explicitly 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 pri-
mary 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. The DFT analy-
sis 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 collabora-
tive 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 are currently underway.
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