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Chapter 1

Introduction

The 20th century is often referred to as the age of physics, while nano and biotechnology
sciences are expected to dominate the progress of the 21st century. Crucial for the progress
in these fields are suitable research tools, capable of providing minute information on
disordered and complex systems at the nanoscale. The forthcoming new generation of
particle accelerators, such as the International Linear Collider (ILC) or X-ray free electron
lasers, will open new scientific frontiers, offering opportunities for revolutionary scientific
breakthroughs. X-ray free electron lasers will provide photon pulses shorter than 100
femtoseconds and a billion times brighter than what can be produced by any other X-ray
source available now. Combining the intensity and coherence of a laser with the short X-ray
wavelength available in a synchrotron, and the penetrating power and atomic sensitivity
of X-rays, they will assure the supremacy of light as one of the most important research
tool for science.

Niobium superconducting radio-frequency (rf) cavities are fundamental components
of future high-energy particle accelerators, such as X-ray free electron lasers or the ILC.
Preliminary estimations contemplate more than ten thousand niobium rf cavities to achieve
the required energy range of the ILC, up to 500 billion electron volts. The quest for
high accelerating fields and an affordable superconducting rf technology has revolutionized
accelerator applications. Considerable efforts have been devoted in the past years in order
to enhance the performance of niobium cavities. A remarkable increase of the rf accelerating
field has been achieved applying a low-temperature annealing (below 150°C for several
hours) [1-3]. It has been argued that a redistribution of subsurface interstitial oxygen
within the penetration depth of the rf field into niobium (typically 50 nm) is involved
in this effect [4]. Interstitial oxygen has indeed a strong influence on the properties of

niobium, e.g. it decreases its superconducting critical temperature by 0.93K/at.% O [5,6].
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The interest on niobium and its oxide extends beyond rf cavities, including tunnel
barrier in nanolelectronic devices, stainless steel alloys and superalloys, or heterogeneous
catalysis |[7-14]. Recent investigations have reported high concentrations of interstitial
oxygen at the niobium/oxide interface, for Nb(110) films oxidized above 100°C in air [15],
for a Nb(110) single crystal after high-temperature ultrahigh vacuum annealing [16], and
for high residual resistivity ratio niobium samples in a recent atom probe tomography
study [17]. The progressive dissolution of the niobium oxide layer has been observed
by core-level spectroscopy studies on polycrystalline samples [18-20] and Nb(100) single
crystals [21]. However, these studies have focused on the chemical analysis of the near
surface region. The microscopic mechanism of the oxide layer dissolution, its influence
on the superconducting behavior of the surface region of niobium, and the simultaneous

formation of subsurface interstitial oxygen are not yet well understood.

In this work, a systematic, non-destructive, in-situ X-ray investigation of the near sur-
face structure of oxidized niobium single crystals has been undertaken. Particular interest
has been dedicated on analyzing the impact of different thermal treatments on the oxida-
tion process on Nb(110) and Nb(100), and on the simultaneous behavior of the interstitial
oxygen dissolved underneath. To this aim, grazing incidence X-ray oxygen-induced diffuse
scattering, X-ray reflectivity, crystal truncations rods and high resolution core-level spec-
troscopy, have been combined. The three last methods have been proved in the previous
years to be powerful tools for the determination of surface structures. The use of the first
method is on the contrary nonstandard. Combining intrinsic properties of the bce lattice
of niobium to the power of grazing incidence X-ray scattering, a non-destructive way of
investigation of the interstitial oxygen dissolved in the near surface region on the atomistic

scale is proposed for the first time.

For the unambiguous monitoring of subsurface interstitial oxygen, one exploits the
fact that interstitial oxygen gives rise to strong local distortions of the host lattice [22].
Niobium exhibits an intrinsic instability towards the w phase, which is manifested in the
deep minimum of the phonon dispersion curve at Q*z%(l, 1,1). It has been shown that
the strong oxygen-induced local lattice distortions couple to this anisotropic softness of the
lattice, thereby producing pronounced maxima of the distortion-mediated diffuse X-ray
scattering at Q* [22,23]. As it will be demonstrated in this work, the monitoring and
quantitative analysis of these diffuse maxima by grazing incidence diffuse X-ray scattering
allow us to obtain a detailed picture on the emergence of interstitial oxygen close to the

niobium surface.

This combination of surface sensitive X-ray methods offers a unique opportunity to

unambiguously determine the near surface structure of niobium and its oxide, providing



structural, and chemical information.

A multitechnique approach demands often a collaborative effort between several re-
search groups and facilities. In our case, this has been achieved by the joint effort of Max
Planck Institute for Metals Research, Stuttgart, and the Département d’astrophysique,
de physique des particules, de physique nucléaire et instrumentation associée, DAPNIA,
CEA, Gif-sur-Yvette. Most of the features associated to the natural oxides layers on nio-
bium surfaces, and the weak surface sensitive oxygen-induced diffuse scattering used for
the characterization of the subsurface oxygen profiles, require the high brilliance offered
only by synchrotron radiation. The synchrotron experiments performed in this work, have
been carried out at the MPI-MF beamline at ANKA, Karslruhe, on 1D32 and ID03 at
the European Synchrotron Radiation Facility, Grenoble, and at the I311 beamline of the
Max-Lab synchrotron source, Lund.

This dissertation is organized as follows : Chapter 2 introduces niobium supercon-
ducting radio-frequencey cavities, their technology and problematic. The third chapter
introduces niobium and its interaction with oxygen. The main and relevant results avail-
able in literature about the properties of niobium and its oxide are discussed. In Chapter
4, the theoretical background for the X-ray surface sensitive methods exploited in this
work are presented. Followed in Chapter 5 by the description of the experimental set-ups
and the in-situ high-temperature set-up (>1800°C) developed in the framework of this
study. The first part of the experimental results on the Nb(110) surface oxidized in air are
presented in Chapter 6. The natural oxide layer, its structure and its progressive disso-
lution upon thermal treatments are characterized by mean of X-ray reflectivity, core-level
spectroscopy and grazing incidence X-ray diffraction. The second part of the results on
the Nb(110) surface oxidized in air concerns the determination of the interstitial oxygen
depth-distribution beneath the oxide layer and its evolution upon heating, in parallel to
the oxide dissolution. This part is described in Chapter 7, together with a comprehensive
description of the depth-resolved oxygen-induced diffuse scattering analysis developed in
this work. Chapter 8 comprises complementary experimental results on Nb(100) surfaces
oxidized under atmospheric and wet conditions, and on the Nb(110) oxidized in water.
Discussion are given in respective Chapters and the thesis is concluded with a summary in
Chapter 9.



Chapter 2

Niobium superconducting
radio-frequency cavities

Niobium superconducting radio-frequency (rf) cavities are a key component of modern
high-energy particle accelerators, as they are the devices which impart their energy to the
charged particles ("cold technology"). Niobium has been the material of choice for su-
perconducting rf cavities for several decades mainly because of its relatively high critical
temperature, the highest lower critical magnetic field, but also its good mechanical prop-
erties (see chapter 3). The fundamental advantage of superconducting niobium cavities is
the extremely low surface resistance, of a few nano-ohms at 2 K, as compared to several
milli-ohms in copper cavities. In this chapter, a brief introduction to the niobium super-
conducting rf cavities, their technology, properties and open questions that have motivated

the present work is given.

Cavity performances

The two main characteristics describing a superconducting accelerating cavity are its aver-
age accelerating field E,.., and the quality factor Qo (2 7 times the ratio of stored energy
to the energy loss per cycle) which is inversely proportional to the surface resistance. The
quest of high accelerating fields and an affordable superconducting rf technology requested
for X-ray Free Electron Lasers and the future International Linear Collider project, which
will use more than 500 tons of niobium in building over 20000 superconducting cavities,
has revolutionized accelerator applications. Considerable efforts have been made in the
past years for the understanding of the limiting factors of the performance achieved by rf
cavities. The actual challenge is the understanding of the sharp degradation, the so-called

Q-drop, of the quality factor at high magnetic field and in the absence of field emission® [3]

'Field emission of electrons from sharp tips is the most severe limitation in high-gradient supercon-
ducting cavities.
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Figure 2.1: Longitudinal cut and picture of a nine-cell superconducting cavity made from pure
niobium and cooled by superfluid helium of 2 K. The resonance frequency is fo = 1.3 GHz. The
electric field lines are shown at the instant when an electron bunch has just entered the first cell.
The length of a cell is chosen such that the field direction is inverted when the relativistic bunch
has moved to the next cell. This is fulfilled for a cell length equal to half the radio-frequency
wavelength, lop = ¢/(2fy). Thereby it is ensured that the particles receive the same energy gain in
each cell [24].

(see Fig. 2.4). A remarkable increase of the rf accelerating field has been achieved by low-
temperature annealing (below 150°C for several hours), although the microscopic origin
of this effect has up to now remained unclear. But before discussing this point, let’s first

introduce some basic knowledge about rf superconductivity.

rf superconductivity

Niobium is a type II superconductor, characterized by two critical fields, H.; and H...
For magnetic fields lower than the first critical magnetic field H.;, the Meissner state is
observed, where the magnetic field is expelled from the material when cooled below T,
except inside the penetration depth at the surface of the material. The niobium penetration
depth is about 30-50 nm under the native oxide layer. In the range H4 < H < H.o, the
superconductor is in the so-called "mixed state", in which the magnetic field penetrates
the bulk material in the form flux lines (vortices). At higher field than the second critical
magnetic field H. the transition to the normal conducting state occurs as illustrated in
Fig. 2.2. The dc superconductivity of niobium is relatively well predicted by the BCS
theory?. In the rf regime, the behavior of superconductors is slightly different and the

Meissner state (expulsion of magnetic field) is observed at higher field than the first critical

2The BCS theory for superconductivity was developed in 1957 by John Bardeen, Leon Cooper, and
Robert Schrieffer and is based on the assumption that the supercurrent is not carried by single electrons
but rather by pairs of electrons of opposite momenta and spins, the so-called Cooper pairs.
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magnetic field. A superheating field Hy, was introduced to describe this behavior. Surface
energy considerations lead to an estimation of the superheated critical field values. In
type II superconductors the dependence of the superheating fiel has been calculated [25].
The phase diagram, including all critical fields, is plotted in Fig. 2.2 as a function of the
Ginsburg-Landau parameter x. The maximum accelerating field achieved by a cavity is a
function of the electric/magnetic field ratio related to the specific shape of the cavity and
is reached when the local magnetic field inside the cavity exceeds the transition magnetic

field of the superconductor. The critical rf magnetic field of niobium is close to Hgy, [25].

wrrrrrrT T T T T T T
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Figure 2.2: Phase diagram showing the Meissner, normal, mixed, and superheated states [25].

Surface resistance

In the case of alternating rf currents, dissipation does occur for all 7" > 0 K. The reason
is that the high-frequency magnetic field present in the skin layer induces oscillations of
the electrons which are not bound in Cooper pairs, leading to dissipation. The rf surface

resistance Ry is in general described by the following expression,

Rs == RBC’S + RRes (21)
with )
w

Rpcs = A\, €r, L, \/Pn)TG_A/kT (2.2)

where A is a constant dependent on the material parameters of the superconductor, such as

the penetration depth Ay, the Cooper pairs coherence length &, the Cooper pairs mean free



path [, the normal state conductivity p,, the rf frequency w, and the superconducting gap
A. Rpcgs is the well know BCS term and R,., that describes residual losses, is temperature
independent and caused by several factors: surface imperfections and inclusions, impurities,
residual dc magnetic field, lattice distortions, etc. [25,26]. R,.s is equal to a few n€) for
a clean niobium surface but can sensibly increase if the surface is contaminated. Typical
R values for niobium cavities are in the range from 100 to few n€2 (see Fig. 2.3). Any
defect that locally enhances the magnetic field or the surface resistance decreases the cavity

performance due to local heating of the material.

In the case of superconducting cavities, the purity of purchased niobium is important,
in terms of bulk impurity content as well as inclusions from manufacturing steps. Dissolved
impurities serve as scattering sites for the electrons which are not condensed into Cooper
pairs. These impurities lower the thermal conductivity and thereby limit the maximum
tolerable surface magnetic field before onset of thermal breakdown [25]. Among the light,
interstitially dissolved impurities, oxygen is dominant due to the high affinity that niobium
has for oxygen (see chapter 3). Interstitial impurities such as oxygen have a bigger effect
than substitutional impurities such as tantalum, as for example, oxygen decreases the T,
of niobium by 1°C/at. %, whereas tantalum decreases T, by 0.1°C/at. %

11—

100 |-

R, [nQ]

Figure 2.3: The surface resistance of a 9-cell superconducting cavity plotted as a function of
T./T. The residual resistance of 3 n{2 corresponds to a quality factor Qo = 10! [24].

Therefore high purity material with high thermal conductivity is preferred for the fab-
rication of the cavities because it allows thermal stabilization of minor defects. The purity

of the material is expressed through the residual resistivity ratio (RRR), which is the ratio
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of the resistivity at room temperature to that at 7.. Typical niobium used for cavities
exhibit a RRR about 300, which corresponds to 99.98 % - 99.99 % purity®. Until now, no
other superconductor has been able to break the niobium 30 years old monopoly in high
field applications. Niobium itself exhibits limitations undoubtedly related to the behavior
of the first few nanometers of its surface. In particular, a strong degradation at high field is
observed, which can be somehow recovered with a low temperature treatment, as discussed

in the following.

Low temperature annealing and cavities performances

Cavities performances are generally expressed in a graph where the accelerating gradient
E,.. (proportional to the magnetic field), is plotted with respect to the quality factor Qg
(inversely proportional to the overall dissipations). Without baking, cavities exhibit a
strong dissipation at high field, the so called "Q-slope", which was found to be drastically
improved when a low temperature baking, (100-140°C) in-situ baking of the cavity in
ultrahigh vacuum for several hours, is applied [1-3] (see Fig. 2.4). It has been established
that this phenomenon is related to the behavior of the first 10-30 nm of the surface [2,4,
27,28|. It is believed that the NbyO5 oxide layer present at the niobium surface does not
play a direct role in rf dissipation. Nevertheless, the role of the oxide species such as NbO,

and the metallic NbO at its interface with the metallic niobium is still unclear, and the

10“

& 10° %-f*-g

| OT=1.37K

| B T=1.37K after bake

1* T T T T T T
o 5 10 15 20 25 30 35
Eacc (MV/m)

Quench ¥

Figure 2.4: Illustration of the performances of rf cavities before and after low temperature in-
situ baking of a cavity in ultrahigh vacuum for several hours. The accelerating gradient FE,..
is proportional to the magnetic field inside the cavity, and the quality factor Qg is inversely
proportional to thermal dissipation, thus to the surface resistance. In this case, Qg vs. FEgcc i
measured on a 1.47 GHz single cell cavity before and after baking at 120°C for 48 h from |26].

3Below RRR 800, interstitials atoms mainly influence this ratio whereas at higher value, substitutional
atoms (metals) and crystallographic defects are the main contributors. Commercial niobium is RRR 30
whereas theoretical value for an infinite defect less monocrystals would be 33 000.



different oxide modifications upon surface and/or thermal treatments might influence the
overall superconducting behavior of the niobium surface. The aim of the present work is to
respond to the crucial need of a better atomistic understanding of the near surface region
and its evolution upon thermal treatments. This implies the investigation of the niobium
oxidation, the thermal stability of niobium oxides upon annealing, but also the interstitial
oxygen distribution below the oxide layer before and after thermal treatments.

Indeed, one of the scenarios proposed to explain the baking effect involves interstitial
diffusion toward the bulk of the material, i.e. a redistribution of subsurface interstitial
oxygen within the penetration depth of the rf field into niobium (typically 50 nm) [3,4,29].
Oxygen, reported in high concentrations at the niobium/oxide interface [3,16,17,29], is
known to decrease superconducting properties like the critical temperature [5,6] or the
superconducting gap, which in turn increases the surface resistance [30,31]. By diluting
the oxygen “contamination” layer, one can expect the superconducting gap to increase back
to the bulk value and recover a good surface resistance.

To confirm or infer such a hypothesis one needs to establish with a very high precision
the oxygen distribution before and after thermal treatments, and to investigate how it
balances between the oxide layers and the underlying superconductor. This will be dis-
cussed in details in chapters 6 and 7. In parallel to this work, attempts have been made to
measure the superconducting gap. Very recent results in this field are consistent with the
results presented here [32,33|. As we will see no evidence of oxygen depletion underneath
the interface has been found for temperatures below 300°C for the surface preparations

investigated in this work.



Chapter 3

Niobium and i1ts oxide

In this chapter, the main and relevant results for the present work available in litera-
ture about niobium, niobium oxides, the oxidation process of niobium and the subsequent

dissolution of its oxide layers upon heating, are reviewed.

3.1 Niobium

Niobium® has been discovered in 1801 by C. Hatchett, nearly in the same time as Tantalum
as both occur nearly always together in nature. Niobium derived its name from Niobe,
mythological Goddess of Tears, daughter of the Greek mythological character Tantalus
who gave his name to Tantalum because of the “tantalizing” difficulty in dissolving the
oxide of the new metal in acids [34]. Niobium and Tantalum show very similar chemical
properties and are never found in a free state in nature, usually occurring in combination
with oxygen and one or more other metals?.

Niobium is a ductile transition metal characterized by an incomplete d sub-shell, which
crystallizes in the bee cubic structure. As other refractory metals, niobium has a rather ele-
vated melting point, and presents a high strength at elevated temperatures. Its metallurgy
has been thoroughly studied because of its use as an alloying element in stainless steels,
main commercial application of niobium, and superalloys for acrospace applications [34,35].
The addition of niobium to stainless steel generally forms carbide precipitates, which bring
about a beneficial hardening effect in the matrix.

Niobium and its oxides have also been extensively investigated in the past because of its

technological importance as a superconducting material. Niobium has indeed the highest

IThe original name of the 415 element was columbium given by Hatchett in honor of the country of
its origin. The International Union of Pure and Applied Chemistry adopted niobium as official name in
1950.

2Most of industry’s demands are supplied by the minerals tantalite and columbite which cover the
range of tantalates and niobates of iron and manganese (FeMn)O. a)205.

ge of tantalat d niobates of i d g FeMn)O.(NbTa),O
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critical temperature of all elements, T, = 9.25 K, allowing operation of the devices at 4.2
K, where He I boils, but also the highest first critical magnetic field B, (~170mT) [36].
Niobium is one of the three elemental superconductors that are of Type II (the others
being vanadium and technetium). Niobium is used in nanoelectronic devices as Josephson
junction or tunnel barrier, applications for which a good control of the oxide layer is needed
; as niobium-tin and niobium-titanium alloys in wires for superconducting magnets ; and
in its pure form as the most commonly used material for the rf superconducting cavities

in particles accelerators (see section 2).

The high chemical reactivity of niobium makes that it gets easily polluted by impurities
like oxygen, nitrogen, or carbon, but also makes of it a good candidate for its use in
heterogeneous catalytic systems [7—14]|. Catalysts containing molybdenum and vanadium,
neighbors of niobium in the periodic table, are very important and their catalytic properties
have been studied extensively, in contrast to niobium. However, in some cases, if the
catalysts are applied in liquid phase reactions or have to work at very high temperatures
during the reaction, the higher stability of niobium species protects the catalysts from
leaching of the active phase |9]. Niobium oxides remarkably enhance the catalytic activity
and prolong catalyst life when added in small amounts to known catalysts [8]. Moreover,
niobium oxides exhibit a pronounced effect as supports of metal and metal oxide catalysts.
Further catalytic applications of niobium are expected and for this purpose, a fundamental
knowledge about the niobium oxidation behavior and the properties of the different niobium

oxides is also required.

Note that because of its low neutron capture cross section, niobium is also used as
cladding material for nuclear fuel elements. And adding niobium to glass has been demon-
strated to provide a higher rate of refraction, which in turn makes it possible to create
thinner and lighter corrective lenses.

Physical properties and in particular superconducting properties of materials are strongly
influence by impurities, surface and interface effects. The electronic, vibrational, and struc-
tural properties of bulk niobium [37], and niobium surfaces [38-41], have been explored
by numerous ab-initio calculations. The surface properties of Nb(100) have attracted a
special interest due to the hydrogen adsorption and/or desorption behavior manifested by
this surface, and attributed to subsurface hydrogen sites [42,43|. The Nb(100) surface has
been investigated by numerous photoemission studies [44-46].

All transition metals of group I1I-VI exhibit a stable bce phase in a certain temperature
range and at normal pressure. For group V elements, such as niobium and tantalum, the
bce phase (3 is stable over the whole range of temperatures. Transition elements may have

multiple stable oxidation states, since they can lose d electrons without a high energetic



12 Niobium and its oxide

penalty.

The following sections will concentrate on the interaction of niobium with its main
impurity, i.e. oxygen. Before discussing the oxidation of niobium and the properties of its
oxides, the striking features of interstitial oxygen in niobium are described. Note that the
solubility and mobility of other light elements that dissolve as interstitials in niobium such
as hydrogen [47-50], or nitrogen [51-53|, have been investigated in various works. The
interaction of carbon with niobium is shortly discussed in 3.2.

The main physical properties of niobium are summarized in Tab. 3.2 and 3.3.

3.2 Interstitial oxygen in niobium

Interstitial oxygen impurities are known to have a strong influence on the physical prop-
erties of niobium [34, 54|, in particular its superconducting properties [5,6]. The super-
conducting critical temperature of niobium decreases almost linearly by 0.93K/at.% O.
The lower critical field H.; and the electronic density of states at the Fermi level decrease
with increasing oxygen content, while the superconducting upper critical field H., and the
normal-state resistivity p,, are increasing with increasing the oxygen concentration.

The main features of the Nb-O phase diagram have been established by Elliott [55],
showing the bce structure of niobium, the three main niobium oxides NbO, NbO, and
NbyOs5, and determining the solubility of oxygen in niobium in between 1 at.% at 500°C
and 4.04 at.% at 1915°C (see Fig. 3.5), extending thereby the work of Seybolt [56], who
reported a solubility between 1.38 to 5.52 at.% from 775°C to 1100°C. The dependence
of the unit cell parameter a with respect to the oxygen concentration c¢ is given at room
temperature by

a = 3.3001 +0.0041 xc (A)

where c is in the range 0-4.2 at.% [57].

Two types of interstices are found in cubic lattices : octahedral and tetrahedral sites.
The interstitial solubility of an element in a metal depends on the stability of the phase
acting as a source of the interstitial atoms and on the total electronic interaction energy
(enthalpy) between the element in solution and the metal (electronegativity and valence).
These chemical factors have been shown to be of greater importance than the size factor
(strain energy) of the interstitial with respect with the interstices. Different works have
shown that interstitial oxygen occupies the octahedral sites in the bce lattice of niobium
[22,58,59]. Three groups of octahedral sites in equal numbers can be distinguished, as z,
y and z sites conforming to their location between two nearest-host-neighbor atoms along

the x, y and z axes of the cubic unit cell. This is illustrated in Fig. 3.1.
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Figure 3.1: Octahedral interstitial sites in the niobium bee lattice of lattice parameter a.

The diffusion of oxygen in niobium has been the subject of various studies [57,60]. The

expression of Powers et. al [60] for the diffusion coefficient D is®

D(T) = 0.0212 exp (—%) (em?/s) (3.1)

where T is the temperature in Kelvin and R = 1.987 cal. K ~*.mol~! the ideal gas constant,
the frequency factor is equal to 0.0212cm?/s and the activation energy 26910 cal.mol ™.
Following Eq. (3.1), the diffusion length 2v/Dt of oxygen in bulk niobium is equal to 350
A for 5 hours at 145°C, while it reaches the pm range for 50min. at 300°C.

Several studies performed under ultra high vacuum have underlined the oxygen segre-
gation at the niobium surface after annealing at temperatures above already 300°C [61-66].
After cooling to room temperature an oxygen-rich layer, typically about 10-15A was
found [64]. Oxygen redistributes reversibly between bulk and surface as a function of
temperature, and equilibrium between the oxygen diffusion and segregation is established
around 800°C. If the driving force for surface segregation is the lowering of the surface
free energy, equilibrium conditions provide information on how much the surface energy is
reduced by oxygen segregation. The estimated segregation enthalpy is 11-17 kcal /g.atom
depending on the bulk concentration in oxygen (resp. 2-0.1 at. %) [64]. Oxygen in niobium
prefers to segregate toward the crystal surface in relatively high concentration although the
solubility limit in the bulk is not reached. High concentrations of interstitial oxygen have
been reported at the niobium/oxide interface for : Nb(110) films oxidized above 100¥C in
air [15], due to surface segregation after high temperature UHV annealing of a Nb(110)
single crystal [16], and for polycrystalline, high residual resistivity ratio samples in a re-

cent atom probe tomography study [17]. Desorption of oxygen becomes relevant only at

3D indicates the amount of dissolved substance diffusing in unit time through a plane of unit area in
a unit of concentration gradient.
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elevated temperature > 1600 °C, and mainly occurs by evaporation of niobium monox-
ide and dioxide [57,67,68|. Segregated oxygen-induced reconstructions have been recently
investigated by several authors [16,66,69,70] (see also section 3.4).

The dissolution of interstitial oxygen in the metal core plays an important role in the
oxidation of niobium as often pointed out [71,72]. As mentioned above niobium may take up
under certain conditions more oxygen than its saturation value [71]. This supersaturation
is one of the determining factors in the formation of suboxides. The initial incorporation
of subsurface O has been referred to as the “bottleneck” in the oxidation sequence of
transition metals. The stability of subsurface oxygen was shown to depend strongly on the
lattice deformation properties, implying correlations between the oxidation behavior and

properties such as the cohesive energy or bulk modulus |73].

Omega (w) phase

The (8 phase of pure niobium exhibits an intrinsic instability toward the w-phase, mani-
fested in the deep minimum of the phonon dispersion curve at Qf, = 2(1,1,1)(27/ap.). In
this section, the characteristic of the w-phase are presented. The strong oxygen-induced
local distortions in niobium couple to this anisotropic softness of the lattice, such that sin-
gle oxygen impurities in niobium bulk are nuclei for the local formation of trigonal w-phase
embryo, embedded into the natural bee lattice [22].

The precipitation of the metastable omega (w) phase in transition metal elements has
attracted considerable interest, initially motivated by the effect of the phase on the mechan-
ical properties of the material, and later on by the discovery of the marked improvement
in the superconducting properties in alloys® [74] [and references therein|. The crystallo-
graphic aspects of the displacive bcc — w phase transition have been reviewed in various
works [74,75].

The [ to w transformation can be described by referring to an hexagonal description of
the parent 3 phase, with lattice parameters agpe, = v2a and CBhex = av/3 /2 where a is the
lattice parameter of the § phase. In this representation, one has three atoms per cell at
(0,0,0), (1/3,2/3,1/3) and (2/3,1/3,2/3), the [0001] hexagonal axis is parallel to the [111] ;
cubic direction, and the [1120] hexagonal direction is parallel to the [110], cubic direction,
as illustrated in Fig. 3.3 (a). When the w phase is created, two neighboring (111) planes
move toward each other by a displacement in the [111] direction, while each third (111)
plane remains unmoved. The fully collapsed w phase is described by a displacement u* =
+a(v/3/12)(1,1,1) and gives rise to superlattice reflections at Q_x. If the displacement

4w phase precipitates act as pinning sites for magnetic flux and prevent Lorentz-force induced motion
with simultaneous energy dissipation.
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Figure 3.2: Left : Schematic view of the lattice distortions induced by point defects. Right:
Niobium lattice distortions in the local neighborhood of an interstitial oxygen located on an
octahedral site, (111) planes (green planes), and Kanzaki forces f; around it up to the third
nearest-Nb-neighbor atoms (note that only four third nearest-Nb neighbor atoms are shown).
The strong oxygen-induced distortions couple to the intrinsic instability of the bee lattice in the
[111] direction, such that every single oxygen defect are nuclei for the formation of the trigonal w
phase [22] (see text for details).

uq11 is inferior to wx, the structure is then called the “rumpled” w phase. The f — w
transformation is illustrated in these two cases in Fig. 3.3. The “ideal” w phase has an
hexagonal symmetry (P6/mm), while the rumpled w phase present a trigonal symmetry
described by the space group (P3ml).

Kanzaki |76] introduced a powerful concept which models the deformation of the host
lattice by a set of virtual forces which would have the same effect on the position of the
neighboring defect atoms as the defect (see section 4.2.1). It has been shown that for
oxygen (and nitrogen) in niobium, radial Kanzaki forces extending up to the third-nearest
niobium neighbor around the defect are needed in order to describe the diffuse scattering
intensities recorded in neutron scattering experiments [22,23]. This is illustrated in Fig.
3.2. The Kanzaki forces and the distortions of the first four niobium shells around the
oxygen atoms (see section 4.2) are given in Tab. 3.1.

As it will be demonstrated in this work (see section 4.2 and chapter 7), the monitoring
and quantitative analysis of the pronounced maxima of the distortion-mediated diffuse
X-ray scattering at Q*, by means of grazing incidence diffuse X-ray scattering, allows
to obtain a detailed picture on the emergence of interstitial oxygen close to the niobium
surface and its depth-distribution profile.

Metals such Ti or Zr, with a large oxygen solubility, present ordered structure of the
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Figure 3.3: The § — w transition. When the w phase is created, two neighboring (111) planes
(grey planes) of the 5 bce phase move towards each other by a displacement in the [111] direction,
while each third (111) plane remains unmoved. (a) (111) planes in the hexagonal representation
of the bec lattice. (b) The “rumpled” (trigonal) w phase. (c) The fully collapsed ideal (hexagonal)
w phase (see text for details).

solid solution. In the case of oxygen in niobium however, with a relative moderate oxygen
solubility, ordering has been only rarely reported in literature. At low concentrations,
interstitial oxygen is disordered in the niobium lattice. A recent work has described various
sequences of oxygen ordering above a certain concentration [15,77]. A possible ordering
force is mediated by the static lattice distortions around the oxygen defect as discussed
theoretically in [78].

Kanzaki forces (eV A=1)  Lattice distortions (A)

Ji=28 up = 0.42

fo = —0.27 uy = —0.13

f3=0.54 uz = 0.06
ug = 0.07

Table 3.1: Kanzaki forces f; (i = 1,2,3) and lattice distortions u; (j = 1,2, 3,4) for oxygen in
niobium from [22].

Carbon in niobium The solubility of carbon in niobium is very limited [79], and carbon
interstitials have been predicted to occupy the tetrahedral sites of the niobium lattice [80].
The heat of formation of NbC at room temperature is —30 kcal /mole [34]. NbC crystallizes
in the rock-salt structure (By). The lattice constant is @ = 4.467 and the density equal
to 7.8 gr/cm? are close to the NbO values. Depending on the relative surface coverages of
oxygen and carbon, the decarburization may occur either via carbon monoxide and/or the
formation of volatile oxides (NbO, NbOs).
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3.3 Niobium oxides

The process of oxidation of metal surfaces is of considerable technological importance as
many applications are determined by the properties of the thin oxide layer which covers
them. Corrosion and passivation are just two examples of either destructive or useful
processes directly linked to this phenomenon. The oxide crystal structure, its stability
with respect to temperatures, and its epitaxial relationship with the metal substrate are
then issues of crucial importance for the material properties, especially when the thin layer
near the surface is conductive and might play a crucial role for superconducting applications
as niobium cavities. Before describing the different niobium oxides and their properties, a

short introduction to the theory of metal oxidation is given.

3.3.1 Oxidation theory

The initial stage of the oxidation process of a clean metal surface immersed in an oxygen
atmosphere involves adsorption of the oxygen on the metal surface. Two main adsorption
mechanisms can be distinguished: physisorption and chemisorption. In physisorption, the
oxygen molecules are bound to the metal surface via weak Van der Waals interactions.
Chemisorption on the other hand involves a rearrangement of the valence electrons of
the metal and adsorbate, and the formation of a chemical bond. Chemisorption is often
accompanied by a dissociation of the Oy molecules into atomic oxygen.

As soon as the critical oxygen concentration is reached on the surface [81], oxide clusters
are nucleating and coalesce until a close oxide layer is formed. Further oxide growth
proceeds in the direction perpendicular to the surface.

Assuming that the oxygen molecules are dissociated and charged at the oxide surface,
the continuation of the oxidation reaction requires the diffusion of either oxygen, either
metal ions (or both) through the existing oxide layer which acts as a barrier. The driving
force for this diffusion is the so-called Mott-potential existing in between the negatively
charged surface and the positively charged interface. The Mott-potential depends therefore
on the difference in electronegativity between the metal and the electronegative oxygen.
If the potential is strong enough, one of the species (the metallic ions, the oxygen ions, or
both) will then diffuse through the existing oxide layer and continue the growth of the oxide
layer. Otherwise the oxidation stops and the oxide acts as a passivating layer. Depending
of the diffusing species the oxidation reaction takes place at the surface (metallic ions
diffusing from the interface to the oxide surface) or at the metal/oxide interface (oxygen
ions diffusing from the surface to the interface). In some cases both species are diffusing

simultaneously and the oxidation process can therefore occur in principle anywhere in the
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oxide. The driving force of this reaction is the change of the free energy associated to the
formation of the oxide from the reactants, while the reaction rate is a question of kinetics

and is influenced by the energy barriers involved in the reaction.

A quantitative theory of the oxidation process in atomistic terms has been developed
by Cabrera and Mott [82] and continued by Fromhold and Cook [83], describing the ox-
ide growth perpendicular to the surface with respect to the thickness limiting factor (up
to oxide layer thicknesses of about a micrometer). The individual oxide growth is usu-
ally determined by one of the following processes : electron transfer associated to the
chemisorption step, electron transport by electron tunneling or by thermoemission, or ion
diffusion of either metallic cations or oxygen anions through the oxide layer. Usually only
one of these processes, depending on the oxidation conditions such as temperature and
oxide thickness and the material, is predominantly limiting the oxide formation and deter-
mines the oxide growth. According to the Cabrera and Mott model, the oxide growth rate
is limited in the early phase by ion diffusion and in the later phase by electron tunneling
through the oxide, with a transition film thickness about 30-40A. As the film thickens, the
electron current drops considerably and becomes rate-limiting. A number of books and

reviews have discussed the details of the oxidation theory of metals to which the interested

® Oxide
Interface

Figure 3.4: (a) First steps of the metal oxidation process, the Oy molecules are physisorbed at
the surface via Van der Waals interaction, and then chemisorbed with a charge transfer from the
metal to the oxygen giving rise to n O?~ ions and 2n metallic cations. As soon as the critical
oxygen concentration is reached on the surface, oxide clusters are nucleating and coalesce until a
close oxide layer is formed. Further oxide growth proceeds in the direction perpendicular to the
surface. Depending on the diffusing species, the oxide growth perpendicular to the surface occurs
either (b) at the surface of the oxide layer, if the metal ions are diffusing, or (c) at the metal/oxide
interface if the oxygen ions are diffusing.
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reader is invited to refer [82-86].

Note that following the physisorption, oxygen dissolution in the metals can take place
if the potential energy for an oxygen ion on an interstitial site within the metal lattice
is similar to the chemisorption potential. For some metals (Ta, Nb, Ni) many oxygen
monolayers are taken up at room temperature prior to the observance of any oxide forma-
tion, leading to an oxygen solution beneath the surface. The precipitation from a metal
layer saturated or supersaturated with oxygen plays then an important role in the initial
formation of isolated nuclei [84].

The reactivity of oxygen and/or mass transport through the oxide are often increased
by the presence of impurities, especially water, in the oxidizing environment. The oxide
structure depends directly on the oxidation temperature, the oxygen pressure, the state of
the surface, and also on the orientation of the surface. The formation of epitaxial oxide
layers depends strongly on the symmetry and on the lattice mismatch between the oxide
and the underlying metal. Oxide films formed at low temperatures tend to be amorphous,
some of these such as NbyO5 form network structures, where an oxygen ion can move more
easily through the channels of the network than a tightly bound though smaller cation.
These oxide films grow therefore by oxygen-ion diffusion. The effect of water can result in
an increase of the oxidation rate, and it is suggested that the increase of the ion-transport
might be caused by the incorporation of hydrogen in the oxide which can change its defect-
dependent properties.

Single crystals and amorphous layers differ from polycrystalline material in that sense
that no grain boundaries are present. Impurities often concentrate at grain boundaries,
leading to defect regions in the oxide grown from the polycrystalline metal. These regions
provide paths for easy-ion diffusion and thus, fast oxide growth. Single crystals and amor-
phous materials minimize such defects and should therefore produce more perfect oxides
with a slower oxidation rate [86]. A comparison of different diffusion types results in a
difference of the diffusion velocity by a factor of 10> — 10° between diffusion along grain

boundaries and bulk diffusion in a high quality single crystal [58].

3.3.2 Niobium oxidation

The main features of the Nb-O phase diagram have been established by Elliott [55], showing
aside the solubility region, three niobium oxides: NbO, NbOsy and NbyOj5 (see Fig. 3.5).
NbyOs is the most stable of them but all three have a large negative free energy of formation
[87]. Before describing the main properties of these oxides, and other suboxide species
reported in literature, lets review shortly the relevant results available on the niobium

oxidation process.
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Figure 3.5: Nb-O phase diagram

The initial stages of niobium oxidation have been studied by Lindau and Spicer 72| by
means of ultraviolet photoemission spectroscopy (UPS). They reported the initial formation
of a thin layer of NbO, followed for larger oxygen exposures and/or higher temperatures by
the formation of NbO,, and after heavy exposure by the formation of NbyOs5. Their sug-
gestion that the dissolution of interstitial oxygen into the niobium matrix acts a precursory
stage before the oxide starts growing is supported by different works [15,58,84,88,89|.

The study of Halbritter in direct connection with rf superconductivity, focused on the
interfacial properties in between niobium and its oxide [89-91]. In his model, the oxide
formation is initiated by oxygen dissolution in niobium and subsequent NbgO segregation to
relax strain. The NbyO5 nucleation strains the interface and generates defects underneath.
Halbritter reports on both oxidation in an atmosphere of HoO and O,, studying the growth
of NbyOj layers up to a passivating thickness of about 60A. The growth of the insulating
NbyOj is well described by the Cabrera-Mott theory in the extension given by Fromhold and
Cook [83]. Cation diffusion within the oxide film is insignificant compared with the anion
diffusion, therefore, the new oxide layers are formed at the oxide-metal interface [92,93].
The dry oxidation is shown to proceed much slower than in HyO, as well as the oxidation
of polycrystalline samples is much faster than on single crystals.

As mentioned before, niobium oxidation has been extensively studied by mean of vari-
ous methods including mostly low energy electron diffraction (LEED) [94, 95|, auger elec-
tron spectroscopy (AES) [62,66,94-98], secondary ion mass spectroscopy (SIMS) [66,97],
electron energy loss spectroscopy (EELS) [66,94], XPS [16, 18,19, 21,90, 91,99-106] and

UPS [72,104]. Such surface sensitive methods provide limited information about the struc-
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ture and the morphology of the system, and mainly focus on its chemical properties.

The oxidation of niobium appears to be very complex, and the oxide species and struc-
tures obtained very sensitive on the oxidation conditions, the orientation of the surface,
and the preparation of the surface. The study of initial oxide formation is complicated ow-
ing to difficulties in producing clean niobium surfaces as mentioned before (see also section
5.4), and the stringent high-vacuum requirements needed for maintaining them. Several
works have studied the adsorption of oxygen on clean Nb(110) surfaces [62,96,107,108| at
room temperature and low exposure mainly with low energy electron diffraction (LEED).
Complex LEED patterns reported for the (110) surface annealed at temperatures below
2000°C [66, 94|, suggest the formation of an epitaxial overlayer on the surface. The mor-
phology of oxygen-induced structures on Nb(100) [95, 96, 105,108,109] and Nb(111) [96]
surfaces has been investigated by LEED. Farrell and Strongin [108] reported that the
structure of the Nb(001) surface changes from facetted to (1x1) of the clean surface via a
c(2x2) as the annealing temperature is increased to 2000°C. Recently the atomic structures
of annealed surfaces have been investigated by scanning tunneling microscopy (STM) on
Nb(100) [95,110,111] and on Nb(110) [69,112]. Amorphous NbO and NbO, oxides were
reported on Nb(100) surfaces during oxidation at room temperature and low pressure
due to difficult oxygen diffusion, while at elevated temperatures (600°C, UHV) the oxide
crystallizes into epitaxial NbO(100) nanocrystals via dissolution of oxygen into the bulk
metal [95].

A theoretical study of the effect of the initial formation of an oxide layer on the metal
surface have been performed by Ronay and Nordlander [113,114]. They calculated the
potential energy barrier for both Nb(110) and NbO(110), showing that the formation of
NbO on a niobium surface dramatically increases the potential barrier for oxygen incorpo-
ration. They refer to the experimental data from R. Pantel et al [96] and I. Lindau [72] who
reported a dramatic slowing down of the niobium oxidation process once NbO is formed

on the surface.

The difference between dry and atmospheric oxidation of Nb(110) films on sapphire
has been recently investigated by X-ray diffraction [115,116]. XPS, UPS, AES and EELS
studies for HoO exposure [117,118|, show that the uptake of oxygen atoms is much more

efficient when the surface is exposed to H,O than to Os.

Note that the presence of NbO and/or NbO, at the interface between NbyO5 and the
metal is of fundamental importance for niobium applications such as tunnel-barrier material
in superconductive Josephson junctions and has often been subject to controversy. Unlike
the presence of NbO which has been reported together with the stable NbyO5 by various
works, the existence of NbO, appeared to be more hypothetical.
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Some further XPS works showed that the air oxidation of niobium could be stopped
by the use of a thin aluminum, Yttrium or Mg overlayers, while a thin layer of Cerium
enhanced the oxidation [119], which was proposed as the first observation of the “catalytic
oxidation” of a solid.

The thermal stability of niobium oxides and the epitaxial relationships observed between
the niobium oxides with the underlying metal substrate are discussed in sections 3.3.7 and
3.4. The following sections are dedicated to the main properties of the different niobium

oxide species mentioned above.

3.3.3 NbO

Unlike most oxides of transition metals of the two first groups having a simple close-packed
structure of rock-salt type, the structure of the niobium monoxide is an ordered defective
rock-salt structure where one-fourth of both fce sublattices of niobium and oxygen atoms,
corresponding to (0,0,0) and (1/2,1/2,1/2) sites, are unoccupied. This corresponds to
25% vacancies as illustrated in Fig. 3.6. The space group is Pm3m with a structural
parameter a = 4.21A. NbO forms in a very narrow stoichiometry range NbO, 0.96 < x
< 1.02 [55,120,121]. The niobium atoms can be seen in the NbO structure as a three
dimensional network of octahedra coupled with each other by vertices, with oxygen atoms
located between them. The strong metal-metal bonding inside the octahedra, and the
metal-oxygen 7 bonding are both important in stabilizing this structure [122,123]. NbO
has a metallic type conductivity and becomes superconducting around 1.4K [120, 124],
which distinguishes it from other transition metal oxides and other niobium oxides. The

core-level binding energies of NbO reported in literature are summarized in Tab. 4.2.

As mentioned before, NbO is the first oxidation step after oxygen adsorption in vac-

Figure 3.6: Defective ordered rock-salt crystal structure of NbO (space group Pm3m).
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uum [34,66,72,94,97,104| and its presence at the interface with the NbyO5 formed after
higher oxygen exposure has been reported in different studies [17,19,89|. Segregated
oxygen-induced NbO structures have been described after annealing of samples at elevated
temperatures in various recent studies [16,69,95]. The epitaxial relationships of these

structures with respect to the underlying metal are discussed in section 3.4.

3.3.4 NbO,

NbO, undergoes a semiconductor-metal transition at approximately 800°C accompanied
by a change in the crystal structure [125-128|. The structure of the low-temperature (LT)
semiconducting phase was determined by X-ray and neutron diffraction [128-130] as a dis-
torted rutile and the space group I4a;/a. The lattice parameters of the tetragonal supercell
are related to the parameters of the ideal rutile structure observed at high temperatures
a, and ¢,, with a = 2v/2a, = 13.70A and ¢ = 2¢, = 5.987A. The LT structure can be
described by chains of edge-sharing NbOg octahedra, cross-linked by edges and corner-
sharing as in the ideal rutile structure. The Nb-Nb distances along the ¢ direction, i.e.
the edge-sharing chains, are alternately 2.80 and 3.20A corresponding to pairing of metal
atoms. This is illustrated in Fig. 3.7(b). This metal atoms pairing is very likely to be
the result of a Peierls instability [131,132|. The Nb-O bond lengths in the distorted NbOg
octahedra are comprised between 1.91 and 2.25A.

NbO, is usually observed as the second oxidation step of niobium following the initial
formation of NbO, and preceding the formation of the stable NbyO5. Some works using
angle-resolved X-ray photoemission spectroscopy [21,89] have suggested that NbO, exists
at room temperature predominantly under the NbyOj layer, rather than as point defects

in the Nby,O5 matrix. The core-level binding energies of NbO, reported in literature are

(a) (b)

Figure 3.7: (a) High-temperature undistorted rutile structure of NbOg. (b) NbOg octahedra
chains in the low-temperature distorted rutile structure NbOg (see text for details).
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summarized in Tab. 4.2.

3.3.5 NbyOj

The most thermodynamically stable oxide of niobium in atmospheric conditions is the pen-
toxide, NbyOj5 [87,89]. This insulating oxide forms on the metal heated in air or in the
hydrated form as the result of hydrolisis of niobium salts. NbyOs exists in several poly-
morphic forms which have been subject to controversy for many years [133]. Amorphous
at first, it becomes crystalline at higher temperature, and three main modifications appear
successively called after Brauer [134] the L, M and H NbyO5 forms, or the NbyOs - v, 3,
a forms. The different niobium pentoxides NbyOs5_, are built on a volumic arrangement
of NbOg coordinated octahedra where the niobium positions are about 3.9A apart, which
allows changes in stoichiometry to be accommodated while retaining a high degree of local
order [89,135,136]. The crystalline monoclinic v phase (a=7.31A, b=15.72A, ¢=10.75A
and (§=120.42°) appears just after heating at about 500°C. After 1000°C the second mod-
ification to the 3 form, is produced. Heating above 1100°C gives rise to the o form which
is irreversible. The « form is also monoclinic with a=21.34A, b=3.816A, ¢=19.47Aand
(#=120.20°. The melting point of NbyOj is reported to be 1460 £+ 5°C [34]. The density of
the NbyOjs at room temperature is 4.36 g/cm? for the amorphous NbyOj, 5.17 g/cm? for
NbyOs- v and 4.55 g/cm?® for NbyOs-av [133,137].

NbyOj is a typical strong metal-support interaction oxide and well-known to exhibit
a pronounced effect as a support for metal and metal oxide catalysts [138]. The oxygen
solubility in NbyOs and the corresponding change in resistivity has been investigated for
oxygen sensors applications [139,140].

The main properties of niobium and niobium oxides are summarized in Tab. 3.2 and
3.3. Their thermal stability will be discussed in section 3.3.7.

3.3.6 Suboxides

The existence of several niobium suboxides such as Nb,O or NbyO3 reported in different
works has been subject to controversy owing to different sample preparation or poor ex-
perimental resolution. Norman [71,141] has confirmed the existence of two suboxide forms
of niobium, NbOx and NbO,. The NbOx phase observed after heating of a laminated
niobium sheet in air at about 300-400°C is tetragonal with the lattice parameters a = 3.38
A and ¢ = 3.27 A. The structure has been attributed by Brauer [142] and Norman to
the NbyO composition, while other studies assigned it to NbgO or Nb;O after a weight

measurement of the oxygen quantity in the specimen. The occurrence of the NbOx phase
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has been reported in niobium powder after heating in air during 5-6h at 350°C, and under
vacuum at around 400-500°C [133|. The partial transformation of the sample in NbOx
occurs after the existence of a solid solution of oxygen in niobium. Further annealing of the
sample in air leads to the successive formation of the different forms of NbyO5. Under vac-
uum conditions, further annealing leads to the NbO phase first, which is also tetragonal
with @ = 6.64 A and ¢ = 4.8 A. Further annealing then leads at about 550-600°C to NbO.
The tetragonal NboO structure proposed on the basis of X-ray analysis by Brauer [142] is
represented in Fig. 3.8. The oxygen atoms are organized on the x-y interstitial sites of
the niobium lattice with an occupancy of 25%. This structure, which corresponds to an
alternance of oxygen and niobium planes in the [110] direction, was suggested by analogy
to the V4O structure observed in vanadium. The existence of Nb,O has been reported in
various X-ray photoemission spectroscopy studies [19-21,90, 109], where a chemical shift
of the binding energy of about 1+0.2eV was attributed to the NbyO state by extrapola-
tion of the relationship between the valence of niobium oxide states and the corresponding
chemical shifts (see Fig. 6.3).

L: Nb
a=3.364
¢=3.254
occupancy N

Figure 3.8: The tetragonal NboO lattice [142]. The oxygen atoms are organized on the xz —y
interstitial sites of the niobium lattice with an occupancy of 25%.
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Properties Nb NbO NbOsy NbyOs
Electronic structure Z=41 |Kr[4d* 5s! - - -
Crystal structure bee NaCl (25% vacancies) rutile polymorph
Structural parameter (A) 3.3001 4.21 a= 13.7, ¢=5.98 (LT)
a— 4.841, c=2.992 (HT)
metallic metallic semiconductor (LT) dielectric
metallic (HT)

Density (g/cm?) 8.57 7.26 5.9 4.36 -5.17
Atomic density (at./cm?):
Nb 5.5 x 10%2 4 x 10?2 2.83 x 10%2 2x 1022
O - 4 x 10* 5.67 x 102 5%10%
Melting temperature T,,(°C) 2468 1945 1915 1770

Table 3.2: Properties of niobium and its oxides.

For more details refer to the respective sections.
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Properties

Nb

Critical temperature T\
Bulk energy gap
Penetration depth
Coherence length

H, (0K)

H, (0K)

H., (0K)

H,p, (0K)

Mean free path

9.2 [K]
1.86 [meV]|
360 [A]
640 [A]
170 [mT]
200 [mT]
240 [mT]
240 [mT]
500 [A]

Table 3.3: Superconducting properties of niobium [25].
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3.3.7 Thermal stability of niobium oxides

In his early review Terao [133] showed how heating under reduced oxygen pressure can
considerably change the oxides observed, as well as the transformation paths during the
oxidation of niobium. The thermal stability of niobium oxide layers on niobium have been
investigated by several X-ray photoemission spectroscopy works [18,19,21,106|. During
ultra-high vacuum annealing NbyOj films on niobium were shown to reduce to NbO with
dissolution of oxygen into the bulk metal at temperatures above 300°C [18]. The following

reaction scheme for the reduction process was established:

Nb,05-2% NbO, -2 NbO (3.2)
k

where k is the rate constant for the overall reduction process following an Arrhenius equa-
tion generally expressed as k;(T) = A; e Fei/RT with the frequency factor A; and the
activation energy E,. One has —% = k [A] and therefore the concentration of the species
A is given by [A] = [A]pe™t.

The dissolution process was shown to be independent of the initial oxide thickness
and controlled by reaction at the metal-oxide interface (i.e. not by the migration of the
transport species within the overlayer). Since each step of the serie conversion (3.2) involves
oxygen removal, the rate of the oxygen release is the sum of all processes and is limited by

the kinetics of the slowest step. The rate constant involved in (3.2) was determined:

k=89 x 10" exp(—174/RT)s! (3.3)
k; =8.0 x 107 exp(—134/RT)s™* (3.4)
ko = 1.0 x 10" exp(—176/RT)s™ " rate-limiting step (3.5)

All reduction steps were shown to be first-order irreversible with the NbO, to NbO tran-
sition being the slowest and, hence, the rate-limiting step.

The effect of thermal annealing on the natural oxide has been studied in the framework
of superconducting r.f. cavity applications on polycrystalline niobium [19], and Nb(100)
single crystal [21] surfaces. For the polycrystalline sample (250°C, UHV), the reduction of
the native oxide layer (43h in air) from NbyOj; to a stable metallic NbyO-dominated layer
was observed. On the polycrystalline and Nb(100) sample surface the average oxide layer
thickness remains unchanged up to about 250°C. The re-oxidation at room temperature
of their annealed surfaces regenerate the NbyOjs layer by inward oxygen diffusion. The
released oxygen is assumed to diffuse into the metal where it will react with the metal.

The equilibrium state in a system is attained when the Gibbs free energy G is minimum.

The change in the free energy AG of a system associated to a reaction must therefore
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become equal to zero
AG=AH-TAS =0

where AH is the energy quantity exchanged, the reaction enthalpy, and AS is the entropy
change. The heat of formation and of dissociation of niobium oxides are summarized in
Tab. 3.4 and 3.5.

Oxide | AHS(kJ/mol)
NbO -418,261
NbO, -792,147
NbOs -1905,831

Table 3.4: Heat of formation for the different niobium oxides [87].

Reaction Heat of decomposition (1073.J)
2NbO  — 2 Nb + (0,) AHjyg = +816.426
2NbOy;  — 2 NbO + (Oy) AHyg = +782.932
2NbyO5 — 4 NbOy + (Os) AHyg = +614.622

Table 3.5: Heat of decomposition for the different niobium oxides. The heat of decomposition
refers to the formation of one mole of oxygen and a solid phase in the next lowest oxidation
state [87].

3.4 Epitaxial relationships at the metal-oxide interface

The structural properties of epitaxial niobium films have attracted much interest because
of their wide use as buffer layers for the growth of single crystalline rare-earth films and
multilayers. Niobium can be grown on sapphire substrates in different orientations due
to a strong correspondence between the orientation of the substrate and the film ( [143],
and references therein.). Several recent studies have reported segregated oxygen-induced
structures on niobium surfaces presenting high epitaxial order [16,66,69,70|. The effect of
epitaxy on superconducting properties of evaporated niobium films has been studied [144].
For fec-(111)/bee-(110) interfaces, three orientations are basically predicted by the
rigid-lattice theory and observed for many metal on metal system, the Nishiyama-Wassermann
(NW) [145,146], the Kurdjumov-Sachs (KS) [147], and the R30°C [148] orientations, de-
pending on the ratio of the nearest neighbor distances [148,149|. Orientations preferred
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are those in which the most densely packed rows in the fce-(111) plane are parallel to one
of the densely packed rows in the bee-(110) plane [150]. Presumably, they are most likely
when the distances between the corresponding densely packed rows, dy.. and dy.., are the
same in the two crystals (see Fig. 3.9). In the NW case the rows are oriented either

[101]fcc || [001]pee (NW,,), with 24/3b = (2)'/%q and
b
a

r=—=0.9428 = ryw,

or equivalently, [121]scc || [110]pcc (NW,) with ryw, = 1.1547. In the KS case, the rows
are oriented [110]sc || [111]pec whereas the [101]f.. rows are rotated by 5.26° with respect
to the [001]p.. with 2v/3b = 2v/2a or

r = 1.0887 = TKS

With increasing r, the orientation changes from NW-x to KS to NW-y. The NW, the KS
and the R30° orientations relationships are illustrated in Fig. 3.10.

For a NbO(111) layer on Nb(110) the parameter r = 1.042 is smaller than the ideal
rxs = 1.0887 for which the interaction between the substrate and the overlayer atoms is
minimal but is very different from the optimal value of the NW orientation. However,
simple rigid-lattice model does not take into account the role of oxygen, in particular the
different bonding strengths between niobium and oxygen. The presence of an epitaxial
oxide layer on top of Nb(110) has been discussed in some studies. The NW orientation
has been previously reported on Nb(110) thin films oxidized in dry oxygen atmosphere (~
300°C) [116], and on Nb(110) single crystals annealed at high temperatures [69]. Arfaoui et
al., in contrast, observed a side to side arrangement of NbO nanocrystals (111) on Nb(110)
with a Kurdjumov-Sachs-type epitaxial relationship [112]. Various studies on different
systems have reported the coexistence of the KS to the NW orientation relationships, or
transitions between both, depending on film thickness or the growth temperature [151].

For further discussions see also 6.3.

= = [001] [1-11]

[1-10] 3 >
“dbcc,KS
| a
F »
= bt dbcc,NW

Figure 3.9: Nearest-neighbor distances a and b in the fce (111) plane (left), and in the bee
(110) plane (rigth). Corresponding densily-packed row distances for the Nishiyama-Wassermann
(dpee,Nw) orientation and Kurdjumov-Sachs (dpec, xs) orientations.
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fee[1-10] bee [001]
Nishiyama-Wasserman (NW) Kurdjumov-Sachs R 30°
bee[001] || fee[1-10] bee[1-11] or bee[-111] | | fec[1-10]

Figure 3.10: Possible in-plane orientation relationships at the fcc(111)/bee(110) interface.

For the Nb(100) surface, oxygen-induced NbO(100) epitaxial nanocrystals with [011] .. ||
[010]e. have been observed during cleaning of the surface at elevated temperatures by

means of LEED, AES and STM [95].



Chapter 4

Surface sensitive x-ray methods

Since their discovery in 1895 by W. C. Rontgen, X-rays have been extensively used for
structural investigations not only by physicists but also by chemists and biologists, playing
for example a decisive role in the discovery of the structure of the DNA in 1953. Dramatic
improvements in the quality of the beam offered by X-ray facilities has been continuously
achieved, enlarging progressively new scientific frontiers. The forthcoming fourth genera-
tion source X-ray free-electron lasers are going to open a new era in science, combining the
high intensity and coherence of a laser with the short wavelength of X-ray light available
in a synchrotron, its penetrating power and atomic sensitivity.

X-rays are electromagnetic waves with wavelengths of the order of inter-atomic distances
in solid crystals (A), and energies similar to core-level electrons (keV), which makes them
particularly suitable for the investigation of various properties of condensed matter on the

atomic length scale. Their wavelength and energy are related through

12.398
AA) = T (ke0) (4.1)

X-rays interact with atoms via their electrons! in two different ways: they may be scattered,
or they may be absorbed [152]|. Both processes are exploited in this work. Scattered inten-
sities can be recorded in different regions of the reciprocal space using different scattering
geometries, offering thereby complementary structural information about the material.
Four surface sensitive X-ray techniques have been combined in this work: X-ray re-
flectivity (XRR) probes the electron density profile normal to the surface on an atomic
scale ; the depth-distribution of interstitial oxygen is investigated with a nm-resolution
by depth-resolved grazing incidence diffuse X-ray scattering (GIDXS) ; the atomic struc-
ture at surface and interface is characterized by crystal truncation rods (CTR) measure-

ments ; and finally an overview of chemical states in the near surface region is given by

!The scattering process involves the mass to the power of two of the scattering particle in denominator,
which for a proton is (18402) smaller than for an electron.
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high-resolution core-level spectroscopy analysis (HRCLS). X-ray methods are extensively
covered in textbooks [152-154] (other references are given in the text). In this chapter, a
rapid introduction to the aforementioned techniques, the origin of their surface sensitivity,
and the formalism used in this work necessary for the understanding of the experimental
results is given.

X-ray methods present various advantages with respect to other conventional surface
techniques. The weak scattering cross-section of X-rays as compared with electrons for
example, implies a large penetration depth into the material, or the possibility of applying
the so-called kinematical approximation?, where multiple diffraction events are neglected.
X-rays are well suited for in-situ atomic structural studies at elevated gas pressures and
temperatures.

Kinematic Bragg, diffuse or CTR scattering is proportional to the number of atomic
layers involved and the ratio of the grazing incidence intensity to bulk intensity of the
order of 10™*. Due to this severe intensity problem, the observation of scattering intensity
in combination with total external reflection has not been feasible until the availability of
the highly brilliant synchrotron radiation. All measurements presented in the present work
have been performed with synchrotron radiation. Details about the synchrotron beamlines

and beamtimes are given in chapter 5.

4.1 Introduction to X-ray Diffraction

In a classical picture, the oscillating electric field of an incident X-ray wave impinging on
a material exerts a force on any single electron on its path. The electron then accelerates
with the same frequency and radiates the scattered wave. The scattered intensity detected
in a solid angle Af2 subtended by the detector for an incoming beam intensity I is given
by,

I=— AQ — (4.2)

where Ay is the cross-sectional area of the incident beam, and (do /dS?) the differential cross-
section defined as the number of X-rays scattered per second into the solid angle element

dS) divided by the incident photon flux and df). In the case of a single free electron,

(j—é)e =r3 P (4.3)

> = 2.82 “°A is the Thomson scattering length, also called classical

2
— €
where ry = <—4W€0m02

electron radius, which described the scattering ability of the electron. P is the polarization

2By opposition to the dynamical theory.
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(a) (b)

z
’ Detector

scatterer

Figure 4.1: (a) Scattering of an incident X-ray beam of wave vector k; by an electronic charge
in the direction specified by k. (b) Definition of the scattering vector Q = ks — k;.

. _ ,
factor, with for an unpolarized X-ray source P = —1+0028 20

, where 26 is the scattering angle
between the wave vectors k; of the incident wave and the wave vector k; of the scattered
wave respectively (see Fig. 4.1). The vector Q known as scattering vector, or momentum

transfer, is the variable of choice to describe any scattering process and is defined as,
Q =k —k; (4.4)

with in the case of elastic scattering, |k;| = |k¢| = k| and @ = 2|k| sinf = (47/\) siné.
The X-ray scattering amplitude of a given distribution of electrons is the superposition
of contributions from different elements of the charge distribution, including phase shift
due to the different path length which, in other words, is the Fourier transform of the
electronic density of the scattering object. The X-ray scattering amplitude of a single

atom with an electron density p(r) is therefore,

fo(Q):/75 p(r)e’Q'rdr (4.5)

where fo(Q) is the so-called atomic form factor. If the incoming photons have an energy
close to the absorption edges in the atom, the electrons can no longer be considered as
free, and resonance effects have to be taken into account by introducing the dispersion

correction to the atomic form factor such that the corrected scattering factor f is

F(Q,A) = fo(Q) + f/(A) +if"(N) (4.6)

where f’(A) and f”(\) are the real and imaginary parts of the dispersion correction, and

are energy dependent.
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A crystalline structure is characterized by the periodic repetition of a structural unit,
the unit cell on the node of a three-dimensional Bravais lattice that can be described by a

set of vectors R,, with the crystal axes a;,as and ag :
Rn = nia; + nNoas + N3as (47)

where n1,no and ng are integer. The scattered amplitude by a crystal is therefore given by
a contribution due to the unit cell, called the unit cell structure factor and one contribution

due to the crystal structure, called the lattice sum,

FCrystal(Q) - Z f](Q) eZQr] Z elQR” (48)
rj Rn
~ ~ _ - v
Unit cell structure factor Lattice sum

where r = R,, + 1}, is the position of one atom in the crystal, R, is the position of the
origin of the unit cell, and r; the position of the j™ atom in the unit cell.

The lattice sum, S(Q) ~ 0, unless all the phase factors Q.R,, equal an integer multiple
of 2, in which case it becomes of order N, the number of unit cells. A unique solution
for that is found by introducing the concept of reciprocal lattice so that any lattice sites is
given by,

G = ha] + kaj + laj (4.9)
where hkl are integers know as the Miller indexes, and aj, a3, aj the reciprocal vectors, de-
fined such that a;a} = 2md;;. The diffraction maxima, so-called Bragg peaks, are described
through the Laue condition

Q=G (4.10)
One can demonstrate that |S(Q)|> — Nv*6(Q — G), where N is the total number of unit
cells and v} the volume of the reciprocal unit cell. For a finite size crystal this condition
relaxes and the scattering extends over a volume in reciprocal space inversely proportional
to the size of the crystal. The scattered intensity, proportional to the square of the structure
factor 4.8, is then,
5 sin?(N1Qay /2) sin?(N,Qas /2) sin?( N3Qag /2)

sin?(Qag/2) sin?(Qaz/2) sin*(Qas/2)

The Laue condition (4.10) is equivalent to the well known Bragg’s law n A = 2d sin6,

1(Q) = Iyrg P|F(Q)| (4.11)

where djy; is the interplanar distance of the family of planes hkl. The family of planes hkl is
defined such that considering a set of parallel equidistant planes, one of them passes through
the origin, and the next nearest intercepts (a1 /h, as/k, as/l) on the three crystallographic
axes. For the cubic bcce lattice of niobium,

a

R e



36 Surface sensitive x-ray methods

where a is the unit cell parameter, with in the case of niobium a = 3.001 A.

The unit cell structure factor of the bce lattice of niobium is given by

F}i\]gll) :be (1 + eiﬂ(h+k+l)

2f  h,k,l even
=/ (4.12)
0  hk, odd

In this section it was tacitly assumed that the interaction between the X-rays and the
crystal is weak, and no multiple scattering of the scattered beam, this assumption leads to

considerable simplicity and is known as the kinematical approximation.

Crystal Truncation Rods

The sharp truncation of a crystal surface breaks the translational symmetry of the crystal
lattice in the direction normal to the surface. This relaxes the Laue condition (4.10) and
produces streaks in reciprocal space extending perpendicular to the surface and connecting
bulk Bragg peaks, known as Crystal Trunction Rods (CTRs) [155-157|. The surface of a
clean material kept under ultrahigh vacuum conditions is never the exact truncation of the
bulk atomic configuration. The atoms at the surface present a different scheme of bounds
which gives rise to various effects as relaxation, i.e. displacements perpendicular to the
surface normal modifying the spacing in between crystalline planes, or reconstruction, i.e.
displacements parallel to the surface giving rise to a new symmetry for the unit cell. The
intensity distribution between the Bragg peaks along the CTRs is very sensitive to the
structure of the crystal termination. CTR measurements have proved over the last decade
to be a powerful tool for investigating surfaces or interfaces structure.

Scattering events in the case of a three-dimensional infinite crystal are restricted by
the Laue condition introduced in (4.10), which leads to delta functions. For a truncated
crystal, the intensity distribution along the CTR, i.e. in the direction of the surface normal
as, relaxes, while the sum over the two other directions produces the usual product of delta

functions. From (4.8), one can write

sin?(N3Q.as/2)
sin?(Q.as/2)
as N3 — oo for Q.ag # 27l (4.14)

1(Q) = Iorg P [F(Q)]” NYN;6(Q — G) (4.13)

1
> 2sin?(Q.az/2)

where Q)| is the component of the scattering vector in the plane of the surface. Fig. 4.2
illustrates the influence of the crystal termination on the intensity profile of the CTRs as a

function of the reciprocal lattice coordinate [. This includes reduced occupancy, or strain
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Figure 4.2: (a) Scattering events are restricted by the Laue condition (4.10). In the case
of a three-dimensional infinite crystal delta peaks are observed at the Bragg positions. For a
truncated surface, the condition relaxes and streaks are observed in reciprocal space extending
perpendicular to the surface normal between the Bragg peaks. (b) Different surface termination
and their influence on the intensity profile normal to the surface: crystal truncation rod from
an ideal surface surface (red line) and with an overlayer (solid line), the surface contribution is

indicated (dotted line).
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effects at interfaces that can extend over several atomic layers and lead to asymmetric
intensity distributions in between the Bragg reflections. Numerous other examples are
found in literature [156-160|. The ratio in intensity between the Bragg peaks and the
minimum of the CTR is typically 10°, such that in order to perform CTR measurements

with a reasonable statistics the use of highly brilliant synchrotron radiation is required.

4.2 Diffuse X-ray scattering

In a general way, disorder or displacements of atoms regarding their ideal rigid positions in
the crystal give rise to diffuse scattering, in addition to the Bragg scattering described in the
previous section. The presence of point defects in the crystal such as substitutional atoms,
interstitial atoms, vacancies etc. .. induces static distortions u,, of the crystal lattice, while
thermal motion as most important dynamic effect gives rise to Thermal Diffuse Scattering
(TDS).

The fundamental theory of diffuse scattering from defects in crystals has been treated
by several authors [161-163|. Only parts of the theory relevant for the understanding of

our experimental measurements are outlined in the following.

4.2.1 Interstitial oxygen induced diffuse scattering

If defects are particles of a new phase whose lattice differs from the host lattice, peaks ap-
pear in the vicinities of the points G* of the reciprocal lattice of the new phase, as observed
for interstitial oxygen defects dissolved into the niobium lattice. It has been demonstrated
that single interstitial oxygen impurities in niobium bulk are nuclei for the local conden-
sation of the trigonal w-phase embedded in the bee Nb lattice [22]. The properties of the
w-phase have been introduced in section 3.2. The strong oxygen-induced lattice distortions
couple to the anisotropic softness of the bee lattice in the [111] direction, thereby producing
pronounced maxima of the diffuse X-ray scattering at Q* = %(1, 1,1)). Fig. 4.3 illustrates
the calculated diffuse scattering pattern of a dilute solution of interstitial oxygen in nio-
bium bulk in the Nb(110) plane. The theoretical calculation of the oxygen-induced X-ray
diffuse scattering as well as of the thermal diffuse scattering used in this work, have been
performed as described hereafter by R. P. Kurta in the framework of his PhD thesis [164].

The defect distribution in the crystal is described by the binary occupation param-
eter cr, which equals 1 or 0 depending on the presence of a defect at the position R.
When macroscopic parameters such as the scattering intensities have to be determined,
the numbers cgr must be regarded as random quantities and averaged for the given defect

concentration ¢ = (cr), and the given correlation function (crcr/), (crcr/crr), ... for
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Figure 4.3: Defects which are particles of a new phase whose lattice differs from the host lattice,
give rise to scattering peaks in the vicinities of the reciprocal lattice points of the new phase.
(a) Sketch of static distortions induced by impurities in a host lattice. (b) Scattering pattern
for a dilute solution of interstitial oxygen in the Nb(110) plane showing aside the niobium Bragg
peaks, diffuse scattering at Q*:%(l, 1,1) and equivalent positions [164]. Single interstitial oxygen
impurities in niobium bulk are nuclei for the local condensation of the trigonal w-phase embedded
in the bee Nb lattice [22]. The strong oxygen-induced lattice distortions couple to the anisotropic
softness of the bee lattice in the [111] direction, thereby producing pronounced maxima of the
diffuse X-ray scattering at Q* (see text for details).

small defects concentration, defects correlation can reasonably be neglected [162]. Assum-
ing dilute and randomly distributed defects, the scattered intensity is proportional to the

defect concentration ¢ through the following expression [162,165]:

1(Q) x c(1 — )Sp(Q) (4.15)

where Sp(Q) is the scattering factor associated to one single defect and is discussed here-
after. Regardless of the presence of the w phase, the diffuse scattering can be ascribed to
the lattice static distortions u,,, such that the positions of atoms have to be described by
r,, = R,, + u,,, where R,,, is their ideal position. The scattering factor can be derived

from the general equation Eq. (4.8) [161-163] as,
2
> (4.16)
p

S(Q)=<

where ug is the static displacement of the host lattice atom at the site R,, (with a

Zf eiQ.(Reru%m) + fp QR

scattering factor f) due to the action of a defect located at R, (with a scattering factor fp).
The summation has to be performed over the entire long-ranged displacement field around

the defect. () , represents the average over all possible defect sites R,,. The second part of
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(4.16) can be in first approximation neglected due to the weak value of f, for the interstitial
oxygen impurity. If one assumes a random defect distribution, the diffuse intensity is ruled

by the lattice deformation ug ~around on individual defect at R,. Excluding the Bragg

> w17)
> (4.18)

. 1 .
uq = Z ug, Q" and ug, = v Z uq e ‘AR (4.19)
Q

reflections from (4.16) one has,

SD(Q) = <

S fap OB (R, 1)
m

which can be rewritten as,

S f @R (R — 1~ iQuuf ) + fani Quug

SD(Q) = <

with

m

The first part of the Eq. (4.18) can be approximated by a finite summation over the local

environment, easily calculated in real space since,

Longrange

Z C(e" %R — 1 — iQuy, ) — 0

Local
since the lattice is strongly distorted only in the immediate neighborhood of the defect and
for the long-range part up, < 1 and e QR =1 4 iQ.ug, + O(...). The second part of
(4.18) is evaluated in reciprocal space, where the extended contributions of ug,, become
localized.

The calculation of the diffuse intensity (4.18) requires the knowledge of the static dis-
placements ug,_in the niobium lattice®. Kanzaki [76] introduced a powerful concept which
models long-ranged displacements, such as strain interaction, by a set of short-ranged ex-
ternal forces (f]"); (applied at the host lattice atoms m around the occupied defect site
R,) defined as the forces necessary to be applied to an ideal crystal without defect in order
to create the same displacements as the defect, and the lattice Green’s functions tensor
G’Q such that,

uq = Gq.Fq (4.20)

The lattice Green’s functions tensor,

Gq=Dg' (4.21)

3Defect-induced static distortions are very strong in the local neighborhood, typically 0.1-0.5 A, and
exhibit a long ranging power-law decay (1/r?) with the distance r.
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is the inverse of the dynamical matrix ﬁQ, Fourier transform of the Born-von-Karman

tensor @)Rm,

Quantitative values of @Q are obtained via a fit of phonon dispersion curves [166| and are

found for niobium in [167]. Fq is the Fourier transform of the Kanzaki forces,

Fp, =) freQhn (4.23)
m

Kanzaki‘s formalism limits considerably the amount of parameters necessary to describe
the displacement field. The Kanzaki forces are material constants, describing the ability
of the defect atom to distort the environmental host lattice at a given distance. Their
directions is parallel to the vector binding the two atoms and their strength depends on
the coordination distance and is therefore constant for a given shell. Oxygen atoms occupy
octahedral sites in the bee lattice of niobium [22,58,59]. Possible sets of short-range Kanzaki

forces can be found from the measured dipole moment [22]
Py => Rn(f") (4.24)

determined experimentally by Huang diffuse X-ray scattering [168] :

124 0 0
Pj=1 0 51 0 [eV (4.25)
0 0 5.1

In a detailed experimental and theoretical study of the diffuse neutron scattering of
dilute solution of oxygen in niobium bulk, the very local lattice distortions around in-
terstitial oxygen were determined [22]. Within the Kanzaki force approach, these w-like
local distortions were found to require elastic forces up to the third neighbor shell. The
corresponding Kanzaki forces f; (i = 1,2,3) are summarized in Tab. 3.1.

Note that the w-phase domains formed around the oxygen impurities are coherently
embedded in the bee matrix through a long-ranging static displacement field which itself
gives rise to Huang scattering around Bragg reflections [162,169]. The bce/w interface as
well as the Huang diffuse scattering are naturally included in the model discussed above.

Since the intensity of diffuse scattering is several orders of magnitudes smaller than the
one of Bragg scattering, an intense synchrotron source is necessary to perform this type of

experiments.
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4.2.2 Thermal diffuse scattering

At finite temperatures, the thermal vibrations of the atoms around their average position
in the crystal induce dynamic displacements in the lattice. This has two effects on the
scattering pattern: the Bragg reflections are weakened through the Debye Waller factor
and an additional diffuse intensity, the Thermal Diffuse Scattering (TDS), appears. These
effects are increasing with increasing temperature.

If one considers the instantaneous displacement u,, of an atom from its mean position
R,,, one has by definition (u,,)=0, where (...) indicates a temporal average. The scattering

intensity in electronic units is then expressed as
L(Q) = Y f2e/QRnRa) (iQur, —ur.)) (4.26)

where f is the average atomic form factor. This expression can be simplified according to
the Baker-Hausdorff theorem to,

1.,(Q) = Y f2e’QRn—Rn) 3 {Qlun, —un, ) (4.27)

mn

which can be decomposed in two terms as,

Ieu(Q) — Z f26*%Q2<uém>eiQ(RnL_RWL) + Z fQGiQ(RnL_Rn) {€Q2<uRmuRn> _ 1} (428)
The first term of this expression can be recognized as the elastic scattering from the lattice

where the atomic form factor is replaced by

Futom = 1(Q) 29 (00) = f(Q) M (4.29)

the exponential term e~2 is known as the Debye-Waller factor. This shows that the elas-
tic Bragg scattering is reduced in intensity by the atomic vibrations without any change
in the width of the peaks. The contribution from the second term in (4.28) has a dis-
tinct character. The corresponding intensity increases as the mean-squared displacements
increases, and has a width determined by the correlations between the displacements of
different atoms. The latter are significant only over short distances so that the lattice sum
extends over a few lattice sites and the scattering presents a considerable width, much
greater than the width of the Bragg peaks. Except from these two factors, (4.28) is equiv-
alent to (4.8). The derivation of the thermal effects discussed so far can be found in more
details in [152,154] and other textbooks. The Debye-Waller factor in (4.29) can be written

2 . 2
oM = Q? (ud) = (47”) sin?6 (u%) = By (Slig) (4.30)
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with By = 82 <u2Q> The Debye Waller factor and the TDS intensity can be expressed in

terms of the Fourier components of the lattice Greens functions at Q éq
ITPS(Q) = NKgTe M f2Q G4 Q (4.31)
with the Debye-Waller factor

2M = kT » QGqQ (4.32)

For the inelastic TDS process, the change in photon energy due to phonons, of the order
of kgT (25meV), is much lower than the X-ray photons energy typically of the order of
keV. As it will be shown in section 7, the TDS contribution to the signal is of the order
of magnitude of the diffuse X-ray scattering due to oxygen impurities of interest in the

present work.
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4.3 X-ray refraction and reflection from interfaces

When an X-ray beam impinges on a mirrorlike surface, part of the incoming beam is
reflected and part of it is transmitted through the material, as commonly observed for
visible light, carrying information about the surface studied. The refractive index n that

characterizes the X-ray optical path in a medium is given by
n=1-3d+if (4.33)

with the dispersion ¢, and absorption 3 terms,

)\2
0= grozpj (fo(0) + £'(N); (4.34)
J
A2 A
B = or 02 Pi i) = e (4.35)

J

where 7 is the classical electron radius, A the X-ray wavelength, p; the atomic density
of the component j, and p the linear photoabsorption coefficient of the material. The
corrected atomic form factor f(Q,\) = fo(Q) + f'(A) + f"(N) is given by (4.6), with
fo(0) = Z; (Z; is the atomic number). The deviation of n from unity, ¢, is related to
the scattering properties of the medium. Each electron scatters the X-ray beam with the
Thomson amplitude ry and, far from the absorption edges, ¢ is then proportional to the
product of rg and the electron density p,,
22

§= o ToPe (4.36)

Typical values for § and 3 are of the order 107° such that n is slightly less than 1
(typical value of § and (3 for niobium and its oxides are given in table 7.1). Total external
reflection from a crystal surface occurs when the X-ray beam hits the surface under an
angle o; inferior to the critical angle «., defined through the Snell’s law cos a. = n, which

for small « leads to

a. = V20 (4.37)

. is typically of the order of some milli-radian (a¥(10 keV)=0.32°).

Let’s consider an incoming X-ray wave E;(r) = E;e’'* with a wave vector k; impinging
on the surface at an angle «;, the reflected beam goes out in the specular geometry with an
exit angle equal to «; and a wave vector k,., while the refracted wave is transmitted with
k! = nk;, as illustrated in Fig. 4.4. The prime denotes quantities inside the material. The
amplitude of the refracted and reflected waves are described by the Fresnel coefficients

of transmission 7', and of reflection R, derived from the Helmholtz equation under the
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Reflected

Trc;nsmiﬁed

Figure 4.4: An incident X-ray beam of wave vector k; impinging on a mirrorlike surface can
be reflected with k, in a direction symmetric to the incident one in the specular geometry, or
transmitted through the material with k’;. If the incident angle is smaller than the critical angle
total external reflection occurs and an evanescent wave field traveling parallel to the surface is
induced into the surface. Grazing incidence X-ray scattering experiments can be performed using
the evanescent wave field as incident wave and the scattered wave exits at an angle ay and a wave
vector k.

boundary conditions that the tangential components of the electric and magnetic field

vectors are continuous across the interface, which gives,

R =  — = 7 »e
E; kit ki,
E 2k; .
T=—=_"T2 (4.38)

B k. + kK,

where k; . and k; _ are the vertical component of, respectively, the incident and transmitted

wave vectors. k; _ is a complex quantity given by,

2
K = Tﬂ(sin2 a; — 20 + 2i3)M? (4.39)

1,2

that can be verified easily by applying the Snell’s law to k;.

The transmitted electromagnetic field in the medium takes the form
Ey(r') oc ek e/l with [ = [Im(k] )| (4.40)

where [; is the penetration depth, which describes the depth where the intensity of the wave
drops by 1/e. The reflected and transmitted intensity, given by |R|*> and |T'|? respectively,
are plotted as a function of «;/a, and for various 4/6 in Fig. 4.5. The reflected wave can be
used to study the electron density profile normal to the surface and provides information
about the thickness and interfacial properties, irrespective of the structural order. X-ray

reflectivity is discussed in section 4.3.1.
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Figure 4.5: Left: X-ray reflectivity |R|2 as a function of «;/a. and for various (3/§. Right :
Transmission coefficient |T'|? versus a;/c for various (3/4.

In the regime of total external reflection, i.e. for incidence angles less than the critical
angle, a so-called evanescent X-ray wave field forms inside the less dense medium and
propagates parallel to the surface (in real system [ # 0 and a small oscillatory component
perpendicular to the surface has to be taken into account), and decaying exponentially
into the material. The wave amplitude decay does not imply absorption of the wave
energy because an examination of the Poynting vector shows that no energy enters into
the medium. Evanescent waves are therefore an example of a wave in which exponential
decay of the amplitude does not imply that dissipation is taking place. At the critical angle,
the phases of the two external waves match at the surface allowing the maximum evanescent
field into the material (|T,|*> = 4). The use of the evanescent wave field as incident wave
to probe the in-plane structural properties (parallel to the surface), establishes the basis

of Grazing-Incidence X-ray Diffraction (GIXD) experiments described in more detail in

Evanescent wave

4
Figure 4.6: Total external reflection from a crystal surface occurs when the X-ray beam hits the
surface under an angle «; inferior to the critical angle a,.. In the regime of total external reflection
a specularly reflected intensity occurs, while inside the less dense medium an X-ray evanescent
wave field is formed that propagates parallel to the surface and decays exponentially into the
material (see text for details).
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section 4.3.2. A non zero photoelectric absorption affects the transmission function and

the reflectivity essentially at the critical angle as illustrated in Fig. 4.5.

4.3.1 X-ray Reflectivity

X-ray Reflectivity (XRR), is a powerful tool to study multilayers or thin films irrespective
of their structural order, as the reflected intensity depends only on the optical properties
of the layers via their electron density. If the surface of the reflecting material is flat, the
reflected intensity is confined in a direction symmetric from the incident one, called the
specular geometry illustrated in Fig. 4.4, where both incident angle «; and exit angle ay
are equal!. The Fresnel reflectivity Rp = |R|” introduced in (4.38) is illustrated in Fig. 4.5
(left). Ry is equal to 1 for a; < a, and drops as ~ 1/a? for a; >> a.

If the system presents multiple interfaces, in the case of multilayers, or oxide layers on
the surface, the scattering from all interfaces has to be taken into account. The properties
of reflected intensity for multiple interfaces have been studied in details by Parrat [170] who
developed a rigorous recursion formalism®. The medium is composed of N layers, sitting

on an infinitely thick substrate as illustrated in Fig. 4.7. Each layer j has an refractive

MOC %
I foi V4

-1t
layer j R/r/ ,j 7
j*1

J*1

substrate

substrate

Figure 4.7: Scheme of a layered material. The medium is composed of N layers, sitting on an
infinitely thick substrate. Each layer j has an refractive index n; = 1 — 4§, +i3; and the thickness
d;, the interfaces are located at z;. At each interface, a reflected wave r; and transmitted wave
t; are created and a recursive approach allows to calculate the reflectivity (see text for details).

4Non-specular reflectivity is produced by rough surfaces and won’t be discussed here
®The Parratt formalism takes into account multiple scattering effects and therefore dynamical effect
neglected in the kinematical theory of scattering presented in the previous sections.



48 Surface sensitive x-ray methods

index n; = 1 — ¢; + i3; and the thickness d;, the interfaces are located at z;. At each

interface, a reflected wave r; and transmitted wave ¢; are created and related through,

. . . 2ik; jz;
X, = 1 p=2ikayz Tadtl + X1 e™% (4.41)
== o .
ts L7y 1 Xy e2hei
where L L
_ Kz —Rejn
L e R (4.42)
2, 2,j+1

is the Fresnel coefficient of the interface between the layer j and j + 1, and k., the
z—component of the wave vector in layer j. The recursion is solved using t; = 1 (in-
cident wave normalized to unity) and ry;; = 0 (no reflection from the substrate, i.e.,
from below the substrate surface). The reflected intensity presents interference oscillations
known as Kiessig fringes. These oscillations have their origin only in the electron density
profile regardless of the crystallinity, and their periodicity in ), can be related to the

thickness d of the layer via

AQ, ~ %T (4.43)

Arbitrary electron density profiles can be treated with the Parratt formalism by slicing
the profile into a given number of thin layers of thickness d with constant ¢ in each layer

and sharp interfaces. Uncorrelated surface roughness may be included by [171],
= g € 2P (4.44)

where 0 = 4/ (z>2 represents the root mean square roughness. The usual approach for
analyzing reflectivity data is thus to assume a model of the electron density profile (incor-

porating all knowledge about the system) and fit the free parameters of the model to the

Electron density (e7A%

1.2+
Nb,O, [NbO/NbO 3
04+ /

. . . . \ . . . 0.0 f . L
00 01 02 03 04 05 06 07 08 -10 -5 0 5 10 15 20 25
q,(A") 2

surface

Reflected Intensity (arb. units)

Figure 4.8: (a) X-ray reflectivity data (open circles) and fit (solid lines) from a Nb(110) single
crystal oxidized 10h in air at RT. (b) Corresponding electron density profile using a three layer
model in the Parrat formalism (see text for details).
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measured data. Fig. 4.8 illustrates an example of X-ray reflectivity data measured on a
Nb(110) single crystal oxidized 10h in air at RT. The corresponding electron density profile
is extracted from the fit using a three layer model in the Parrat formalism. These results
are discussed in details in section 6. At small angles geometric effects due to the finite size
of the incident beam have to be accounted for, either by correcting the measured data, or

by including it in the calculation of the reflected intensities (see section 4.4).

4.3.2 Grazing incidence X-ray scattering : depth-resolution

A description of the grazing incidence X-ray diffraction in the framework of conventional
kinematic theory, as applied in section 4.1, can not account for the strong optical effects in
this regime 6. However, a pseudo-kinematic description of the scattering phenomena can
be retained if the evanescent wave field inside the material, the "distorted-wave”, is taken
as incident wave field, instead of the incident wave in vacuum as usually considered. This is
the so-called “distorted-wave Born approximation” (DWBA) [22,172]. In other words, the
evanescent wave field that forms at the surface of a material under total external reflection
conditions, can be used as an incident wave parallel to the surface in order to probe the
structural properties of the material. Depth-resolved diffraction, diffuse scattering, or
fluorescence experiments can be achieved as demonstrated hereafter, by varying either the
incident either the exit angle.

Within the distorted-wave Born approximation, any kinematic scattering intensity /qxs

" Bragg planes

4'

Nb bulk ¥

Figure 4.9: Depth-resolved grazing incidence X-ray scattering measurements are performed
controlling the information depth, the so-called scattering depth A, by varying either the incident
angle o either the exit angle ay. A increases with increasing angle. In the evanescent regime A is
small, while for angles above a., the scattering depth is determined by the absorption coefficient
of the material (see text for details).

6 As multiple scattering is neglected and the X-ray refraction n index is considered to be 1
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near the condition of total external reflection can be expressed as [173]
Iaxs(Q) = Lo v |TP"|T¢* S(Q) (4.45)

where S(Q’) is the structure factor of the scattering process under consideration, as in
our case, oxygen-induced diffuse scattering, thermal diffuse scattering or Bragg scattering.
T; s are the Fresnel transmission coefficients for the incident and exit beam. Q' = £} — k;
represent the scattering vector into the material and its z—component @, is, in contrast

to conventional bulk scattering, a complex quantity into the sample
Q, = kp. — ki, =q +1i/A (4.46)
where (k; ;). are the z-component of the transmitted wave vectors given by Eq. (4.39) and,

2 1/2

K ) = 17(s1n2 i p — 20 + 2i3) (4.47)

When «; ; are below the critical angle «., the imaginary part of @), dominates and leads
to a strong exponential damping of the transmitted wave field, leading to the “evanescent
wave” regime. The real part of the momentum transfer ¢, = Re(Q’,) vanishes to a small
remaining value only due to photoelectric absorption through 5.

The relevant depth describing the grazing incidence intensity is the so-called scattering
depth” A, defined as the depth for which the scattered intensity is reduced by 1/e. A is
related to @), through

A
A=Im(Q) ' = ———— 4.4
m(Q) 27 1 1p) (4.48)
with
lig=27Y2{(26 — sin® ay ) + [(sin® a; ; — 20)% + 4571/} 1/2 (4.49)

Equations (4.48) and (4.49) explicitly show the symmetric influence of the incident and exit
angle on the scattering depth. The scattering depth of a niobium surface is plotted as an
example in Fig. 4.10 as a function of o for different ;. The scattering depth increases with
increasing angles. In the evanescent regime A remains small, while for angles above a., A is
determined by the absorption coefficient of the material. Depth-resolved grazing incidence
X-ray scattering measurements can therefore be performed controlling the scattering depth
by tuning either o either oy, as illustrated in Fig. 4.6 and 4.9. The scattering depth of
niobium at a photon energy of 10 keV can for example, be tuned from ~ 2 nm to few pum
with a nanometer scale resolution.

Let’s present two opposite types of scattering laws that will be encountered under

grazing incidence in the following of this work: the kinematic Bragg scattering with a very

"To distinguish from the penetration depth (4.40) which only depends on the incident angle ;.
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Figure 4.10: Niobium scattering depth A as a function of the exit angle oy for different o
(A =0.1239 nm).

pronounced ()-dependence, and the incoherent scattering with neglectible ()-dependence.

The semi-infinite kinematic sum for Bragg scattering of a truncated surface is simply given

by,

Sprage (Q), Q) = Z F,.F, Q- (xm—rn) o= i{Q2m = Q1" 2m)

m,n=0

1
= |Fhkz|25(Q|| — Ght)

|1 — e—2Quas |

(4.50)

where the scattering vector " has been divided into the in-plane component ) and the
normal component ), a, is the lattice constant normal to the surface, |Fj,| the unit cell
structure factor and Gjy; the associated reciprocal lattice vector. In (4.50) it is tacitly
assumed that the Bragg condition parallel to the surface is not violated by moving along

Q.. For totally incoherent scattering one has [173],

m=0

The latest will be particularly important in our analysis, as it will be the one used for

2

e o f2 A (4.51)

. 2
foeei@m| = Jhe
inc 1— e_gaL/A inc

describing the oxygen induced diffuse scattering and the thermal diffuse scattering, for
which the )-dependence can be in first approximation neglected. See also the discussion
in chapter 7.

Kinematic Bragg or diffuse scattering is proportional to the number of atomic layers
involved, in turn, the ratio of the grazing incidence intensity to bulk intensity is of the
order of 107*. Due to this intensity problem, the observation of scattering intensity in
combination with total external reflection has not been feasible until the availability of the

highly brilliant synchrotron radiation [173].
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4.4 Correction factors

In order to compare measured intensities to the theoretical structure factor S(q) discussed
in the previous sections, various corrections factors have to be accounted for. The use
of the corrections described hereafter will be mentioned on a case by case basis in the
experimental results parts. For the Z-axis geometry described in section 5, the geometrical
corrections that occur in the measurement of the integrated intensities of surface diffraction

rods have been reviewed in [174].

Compton scattering

The Compton scattering is due to the inelastic collision, i.e. with energy and momentum
exchange, between the incident photon of wavelength A and one electron. The expelled
electrons during this process originate from the external energy levels of the atom and
the scattered photons keep therefore a energy close to the incident photon energy. The

corresponding wavelength )\’ of the scattered photons becomes slightly superior to A and

AN=XN - )= h (1 — cos26) (4.52)

me
with h/mc = 0.0242A and m is the mass of the electron. The wavelength change A is
therefore independent of the incident wavelength A\. The Compton scattering is a smooth
background increasing with the scattering angle 26, i.e. the scattering vector. Analyti-
cal functions of the incoherent scattering intensity for individual atoms are available in
literature [175-177].

Geometrical corrections

Polarisation factor The polarization of the incident X-ray beam influence the measured

scattered intensity and has to be corrected through the following expression :

P = phPhor + (1 - ph>Pver (453)
Pror = 1 — (sin oy cos § cos 7y + cos ; sin 7)2 (4.54)
P, =1 —sin?6 cos® v (4.55)

where P, is the horizontal polarization factor, P,.,. the vertical polarization factor, and
pr the proportion of horizontal polarization. In the case of synchrotron radiation exper-
iments the polarization is almost completely horizontal. In our case p, ~ 95%. In our
measurements, the samples surface were mounted horizontally thus, the incident beam is

polarized perpendicular to the plane of incidence.
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Lorentz factor The geometrical correction for the integration volume is usually called

the Lorentz factor, and can be expressed in the common case of a rocking-scan through
L = 1/sin 6 cos a; cos y (4.56)

or in stationnary geometry as, L = 1/sin~. Further discussions about the Lorentz factor

for various geometries and scans directions can be found in [174].

Beam footprint The footprint F' of an incident beam of vertical size S is given by
F = S/sinqy, as illustrated in Fig. 4.11. At small incident angles the sample gets fully
flooded. If F' > L, only the part of the beam intercepted by the sample contributes to the

reflected intensity and the measured intensity has to be corrected by

S/(L sin ;) for > L
R = Rmes-

1 otherwise

For F' < L, the whole beam is intercepted by the surface sample, and for Bragg or diffuse X-

ray scattering correction must be applied to get the true active area, and Cy = S/L sin ;.

Figure 4.11: Schematic illustration of the footprint F' of a incident beam of size S on a sample
of size L as a function of the incident angle «;.

Active area correction The illuminated area of the sample depends on the size of the
incident beam s; and the opening of the detector slits s;. The variation of this active area

as a function of the position of the detector is corrected via the following factor

Carea = $152/8ind (4.57)
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Total correction factor The total correction factor is therefore given by
Ctot = PLCAreaCf (458)

The measured intensities are corrected by dividing them by the total correction factor.

4.5 High-resolution core-level spectroscopy

High-resolution core-level spectroscopy (HRCLS) has its origin in the photoelectric effect
discovered by Hertz in 1887, in which a photon of an exciting source shining on matter can
be absorbed and its energy used to emit an electron. Also designated as X-ray Photoelec-
tron Spectroscopy (XPS) as a reference to the soft X-ray (~ 100-2000 V) radiation used to
examine core-levels, in contrast to the Ultraviolet Photoelectron Spectroscopy (UPS) using
ultraviolet (10-45 eV) radiation to examine valence levels, XPS® has been developed from
the fifties by Professor K. Sieghahn, whose work has been awarded by the Physics Nobel
Prize in 1981 [178]. Core level spectroscopy provides nowadays a key tool for the investiga-
tion of surface chemical state [179,180]. The method takes advantage of the fact that core
levels binding energies, although they are not directly involved in the chemical bonding
like valence electrons, have small chemical shifts depending on the chemical environment
of the atom which is ionized, allowing the determination of the chemical state. XPS is
highly surface specific due to the short range of the photoelectrons that are excited from
the solid. The development of synchrotron radiation sources has enabled high resolution
studies to be carried out, with radiation spanning a more complete energy range.

In contrast to the Thomson scattering, exploited in the previous sections, photoelectric
absorption can not be explained by classical physics, and a quantum mechanical description
of both X-ray field and the photoelectron. The photoemission process can be described
energetically by

E;+hv = E¢ + Eyp (4.59)

where E; and E; are the initial and final energies of the system, hv is the photon energy,
and Fjy;, the kinetic energy of the emitted photoelectron. To recover from this ionized
state, the atom can emit another photon (fluorescence) or undergo an Auger transition.
The basic principle of the core-level photoemission is described in Fig. 4.12. The kinetic
energy of the emitted electrons depends therefore on the incident photon energy and on

their binding energy FEj with

8 Also known as ESCA (Electron Spectroscopy for Chemical Analysis)
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Figure 4.12: Schematic illustration of the core-level photoemission process. The K, L, and
M shells are represented, and the first levels labeled as nl;, where n, [ and j are the principal,
orbital angular momentum, and total angular momentum quantum numbers, respectively of the
single-electron states.

In practice, the experimentally measured energies of the photoelectrons are given by :
Ey = hv — Egin — ¢ where ¢ is the work function of the spectrometer (not the material).
By recording the kinetic energy of the photoelectrons the spectrum of the binding ener-
gies, i.e. the energy differences between the final and initial states, is obtained. For the
determination of the elemental composition of the surface, measurements do not require
high-energy resolution as the core-level binding energies of different elements normally dif-
fer substantially. However, the chemical shift of a given element associated to different
surrounding, such as different oxidation states for example, are small and might require
the high energy resolution offered by synchrotron sources.

After escape from an atom, a photoelectron travels some distance inside the solid before
it escapes to vacuum or it relaxes. On the way it collides elastically or inelastically with

lattice atoms.

Surface sensitivity

The surface sensitivity of the core-level spectroscopy is provided by the relatively small
inelastic mean free path (IMFP) of the photoelectron (and not due to the incoming soft
X-ray photons, which penetrate the sample over a few hundred nanometers). The inelastic
mean free path (IMFP), A, defined as the average distance that an electron travels between
successive inelastic collisions, depends mainly on the kinetic energy of the electron and to
a smaller extend on the material. Fig. 4.13 illustrates the IMFP in different materials as a
function of the kinetic energy. As one sees, depth-sensitive measurements can be realized

by tuning the incident photon energy, and therefore the kinetic energy. A minimum depth
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Figure 4.13: Electronic inelastic mean free path (IMFP) as a function of the kinetic energy.

of ~ 5 A is reached for electrons of kinetic energy between 50 and 200eV.

Spin-orbit splitting

Energy levels with a non-zero value of the orbital angular momentum quantum number,l,
show spin-orbit splitting. Two possible states characterized by the quantum number 7,
the total angular momentum, j = [ &+ s, arise when [ > 0. The magnitude of the energy
difference AE; is proportional to the spin-orbit coupling constant which depends on the
expectation value < 1/r > of the particular orbital [181]. The separation can be many
electronvolts, and is therefore expected to increase as Z increases for a given subshell.
The relative intensities of the doublet peaks are given by the ratio of their respective
degeneracies (2j 4 1). Therefore the ratio for the 3ds/, —3ds/2 doublet is equal to 3/2. The

area ratio and designations are given in Tab. 4.1.

Subshell j values Area ratios

s 1/2 -

P 1/2, 3/2 1:2
d  3/2,5/2 2:3
fo5/2,7/2 3:4

Table 4.1: Spin-orbit splitting parameters for various shells.
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Core-level line shape

The width of a core line is determined by various factors : the intrinsic lifetime width of
the core hole, the bandwidth of the photon source, the resolution of the photoemission
spectrometer, i.e. the experimental broadening, but also the creation of phonons. The line
shape of core-level spectrum can be, for most metals, described by a Doniach-Sunjic line
shape convoluted with Gaussian functions. The Doniach and Sunjic line shape [182] itself
is the convolution of a Lorentzian and an asymmetric function :

1) = G

where « is known as the asymmetry parameter, I' is the Gamma function, 27 is the full

5 COS (% + (1 —a) arctan(E/*y)) (4.61)

width of half maximum (FWHM) of the Lorentzian function. The Lorentzian accounts for
the broadening due to the finite life-time of the core-hole. The inherent line width of a core
level is a direct reflection of the uncertainty in the lifetime of the ionized state remaining
after photoemission. From the uncertainty principle, the line width can be expressed as
v = %, where Planck‘s constant h = 4.1 x 107'° eV.s, and 7 is the core-hole lifetime. The
asymmetry of the line shape characterized by «, is associated with the creation of electron-
hole pairs during the photoemission process in metals. Note that when « goes to zero,
Eq. (4.61) reduces to a simple Lorentzian expression. The higher the density of states at
the Fermi level the more likely is this effect to be observed. The instrumental resolution
function has to be included into the theoretical line shape by convolution of expression
(4.61) with a Gaussian function including many independent contributions. The Gaussian
function also accounts for phonons, disorder broadenings.

In practice, peak widths in the range 0.01-0.5 eV are often encountered, while con-
ventional instruments have energy resolutions which are not better ~0.25e¢V. The energy
resolution achieved with synchrotron radiation is two order of magnitude higher. Note that
the energy resolution decreases as the photon energy increases.

The analysis of the data presented in this work is performed with the program FitXPS
[183]. If several components, corresponding to different chemical surroundings, such as
different oxidation states, the total line shape is achieved by the sum of them. The fitting
parameters are for each peak, the peak energy position, the peak height, the Lorentz full
width at half maximum (LFWHM) T', the asymetry parameter «, and the Gaussian full
width at half maximum (GFWHM) o. Constrains and correlations between the different
peak parameters can be introduced. A simple polynomial background can be included,
with up to 3 polynomial coefficients.

Tab. 4.2 gives a non-exhaustive list of reported binding energy positions in literature

for the 3d3/s_5/2 doublets for the main niobium oxides.
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Nbsy (NbyOs)  Nbyy (NbOg)  Nbgy (NbO)  Nbg (metal) Ref.
3dzs 3dse 3dse 3dspe 3dze 3dse 3dse 3ds)
210.0 207.3  208.8 206.0 206.8 204.0 205.0 202.2 [102]
209.9 2072 208.6 2059 206.6 203.9 204.7 202.0 [103]
- 207.5 - 205.9 - 203.0 - 202.2 [91]
210.2 2074  208.8 206.0 207.0 204.2 205.1 202.3 [99]
- 207.4 - 205.9 - 204.0 - 202.3 [100]
- - - - 206.5 203.7 205.1 202.3 [16]
207.4 205.9 204 202.2 average
51-5.3 3.6-3.9 1.4-1.9 CS range

Table 4.2: Non-exhaustive list of reported binding energy positions of the 3d3/,_5/, doublets for
the main Nb oxides. The average value and the chemical shift (CS) range are indicated.



Chapter 5

Experimental details

This chapter is devoted to the description of the experimental set-ups, synchrotron light
sources, and experimental end-stations used in this thesis. A high-temperature in-situ

setup developed in the framework of this work is presented in section 5.2.

5.1 Synchrotron radiation and synchrotron beamlines

The different aspects of an X-ray source, which determine the quality of the produced
X-ray beam, are combined in a single quantity, the so-called brilliance. For a given energy,
the brilliance is defined as,

Photons/second

5.1
mrad® x (source area in mm?) x 0.1%bandwidth (5.1)

Brilliance =

which depends on the number of photons emitted per second, the collimation of the beam
given in mrad for both horizontal and vertical direction, the area of the source, and a
fixed relative energy bandwidth chosen at 0.1%. Fig. 5.1 represents the evolution of
the brilliance of the different X-ray sources along the time, from the X-ray tubes to the
synchrotron of first, second and third generation. As one can see, the brilliance offered by
synchrotron radiation is about 10 orders of magnitudes higher than for the most powerful
rotating anode set-up in an usual laboratory. The ESRF has been the first third generation
synchrotron in the world and has entered in service in 1994. Since numerous similar sources
have been build, and among them ANKA and Max-Lab II. The dramatic improvement of
the brilliance achieved by X-ray sources has in many ways led to a paradigm shift in
experimental X-ray science. Experiments inconceivable only 10 to 20 years ago are now
performed on almost a routine basis [154].

The relativistic electrons (or positrons) in modern storage rings (the first ’synchrotron’
radiation was observed with a cyclotron, but modern light sources are based on the concept

of an electron storage ring) are forced on a circular orbit by bending magnets. The bending,
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Figure 5.1: Advances of the X-ray sources. The development of the X-ray sources shows a
tremendous improvement of brilliance after the discovery of synchrotron radiation at particle
accelerators. The development carried on at free electron lasers opens new unexpected prospects
[184]. Right : European Synchrotron Radiation Facility (ESRF) in Grenoble.

due to the centripetal acceleration, causes the emittance of photons with a continuous
spectrum dependent on the energy of the ring electrons. Because of the relativistic speed
of the electrons (e.g. E=6 GeV for the ESRF, i.e. approximatly 10% times the electron
rest mass m, of 511 keV), the calculations for the characteristics of the emitted spectrum
have therefore to be based on the Lorentz transformation known from Einstein’s special
theory of relativity. Besides the radiation from simple bending magnets one can obtain
higher flux and much higher brilliance with insertion devices, i.e. wigglers and undulators,
that contain a periodic array of magnets. For a wiggler the intensity is multiplied by the
number of periods N. This is different in an undulator, where the design parameters are
chosen so that the emission of new photons from each 'wiggle’ of the electrons occurs in

phase with the emerging photon beam [154].

All measurements presented in this thesis have been performed using synchrotron radi-
ation from three different third generation synchrotron radiation sources : at the dedicated
beamline for the Max-Planck-Institut for Metals Research at the Angstromquelle Karlsruhe
(ANKA), Germany ; at the European Synchrotron Radiation Facility (ESRF), France, at
the beamline ID32 ; and at the beamline 1311 at MAX-Lab in Lund, Sweden [185]. The

experimental details about the different beamlines are shortly presented in the following.
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5.1.1 MPI-MF beamline at ANKA

The Max Planck Institute for Metals Research (MPI-MF) runs a beamline at the ANKA
synchrotron dedicated for surface and interface investigations [186]. ANKA (Angstromquelle
Karlsruhe) is a third generation synchrotron located on the site of the Research Center

Karlsruhe. The energy of the storage ring is 2.5 GeV with a current of 200 mA.

The MPI-MF beamline utilizes the synchrotron radiation produced by a bending mag-
net (1.5 T). To discriminate the energy of the photons (6-20 keV), a fixed exit height
double crystal monochromator, consisting of a flat Si(111) single crystal and a sagittal
Si(111) crystal bender for additional horizontal focusing is used. An energy resolution of
(dE/E) 3.10~* is achieved at 9 keV. A Rh coated mirror serves for harmonic rejection and
focusing in the vertical plane. Several pairs of slits allow setting a convenient beam size at
the sample position. The latter can be focused to 0.5 mm (h) x 0.3 mm (v). The typical
divergence at the sample position is 0.3 mrad horizontally and 0.03 mrad vertically with
a flux of ~10'% ph/s/mm?. For all measurement presented in this thesis, a conventional

scintillation detector has been used.

The heavy duty HUBER diffractometer is a special design, implementing both a six-
circle and a (2+3) diffractometer, which can be used with heavy load in the horizontal and
vertical geometry (up to 200 kg). A sketch of the diffractometer circles is shown in Fig.
5.2. A detailed description of the beamline and the different diffractometer configurations
can be found in [186].

BR- circle

Figure 5.2: HUBER diffractometer at the MPI-MF beamline at ANKA [186].
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5.1.2 1ID32 beamline at the ESRF

The ESRF (European Synchrotron Radiation Facility) is the first 3rd generation syn-
chrotron and up to now among the three largest and most powerful synchrotrons in the
world, situated in Grenoble, France. The storage ring is filled with an electron current of
200 mA and Energy of 6 GeV in 'normal’ operation mode.

The beamline ID32 at the ESRF is focusing amongst others on surface and interface
studies by X-ray diffraction. Located on a high beta section (undulator), ID32 offers a
highly brilliant beam. The optical elements are: a liquid nitrogen cooled primary silicon
monochromator and alternatively a mirror for harmonic energy photon rejection or a high
resolution post-monochromator. The Energy of the beam can be set from 2.5-30 keV with a
resolution dE/E better then 107*. At the sample position the beam size is 2(v)x1(h) mm?
with a flux of 1012-10' ph/s(10~* bw, 0.1A). The experimental end-station is equipped
with a six-circle HUBER diffractometer, which can accommodate the portable UHV sample
chamber used for the experiments presented hereafter (see Fig. 5.2 and 5.3). A more

detailed description of the beamline characteristics can be found in [187].

5.1.3 1311 beamline at MaxLab

MAX-lab is a Swedish national laboratory which supports amongst others research based
on the use of synchrotron radiation. MAX II is a third generation storage ring and runs
with an electron current of 200 mA with an Energy of 1.5 GeV.

The Beamline 1311 [185] is an undulator based VUV, soft X-ray beamline with two
end-stations. The end-station used in the frame of this work is aimed at high resolution
X-ray Photoemission Spectroscopy (XPS) and X-ray Absorption Spectroscopy (XAS) on
clean and adsorbate covered surfaces. A horizontally focusing spherical mirror serves as
pre-focusing optics followed by a modified SX-700 monochromator with 1220 1/mm grating,
a spherical focusing mirror and movable exit slits. This allows a high flexibility concerning
the interplay between photon flux, resolving power and higher order suppression. The
accessible energy range is 30 - ~1500 eV with a resolution dE/E 5.1073-2.107%. The
photon flux on the sample is 101*-10"® photons/s. A hemispherical electron energy analyzer
(SCIENTA SES200) is used for photoelectron spectroscopy.

5.2 Oxidation chamber and high temperature setup

A portable UHV diffraction chamber allowing in—situ annealing and oxidation experiments

at pressure up to 1 bar of oxygen has been used for the grazing incidence X-ray scattering
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and X-ray reflectivity experiments described in this work. The chamber, mounted on
the diffractometer at the MPI-MF beamline at ANKA, is shown in Fig. 5.3 (Left). The
chamber is equipped with a beryllium window (thickness 2 mm). Ultra-high-vacuum in the
1072 mbar regime is achieved after baking the chamber at temperatures around 120°C. The
vacuum is maintained by a Varian turbo molecular pump (Turbo-V 70LP) and a Varian
ion getter pump (Star Cell). The pressure is measured via two different types of gauges,
the cold cathode ionization gauges (for pressures between 1072-107!Y mbar) and capacitive

gauges (from atmospheric pressure up to ~ 10~3mbar).

promator [} YR—
| E |

a Beryllium window with protection cylinder
b Turbo pump

¢ lonic pump

d Cold cathode gauge

e Leak valve

Figure 5.3: Left : Portable UHV diffraction chamber mounted on the diffractometer at the
MPI-MF beamline at ANKA. Right : High temperatures setup (up to 2000°C) developed in this
work, compatible with the portable UHV chamber.

High temperature setup

In order to perform in — situ experiments on niobium clean surfaces, a high-temperature
setup has been developed in the framework of this work, allowing annealing up to 2000°C.
The setup is shown in Fig. 5.3 (right panel). The sample is supported by two parallel
niobium rods purified by annealing cycles above 2100°C in ultrahigh vacuum (UHV). The
heating is performed by electron bombardment obtained by applying high voltage to the
filament. The high voltage elements are directly connected to the supporting rods isolating
from the foundation of the sample holder by a purified ceramic plate. The temperature is
measured directly at the sample by a type C thermocouple (W/Re (5%), W/Re (26%))

The different elements are mounted and fixed using purified molybdenum elements.
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5.3 The beamtimes

The data presented in this thesis were recorded during six experimental beamtimes at
the aforementioned MPI-MF beamline at ANKA, Karslruhe, on ID32 at the European
Synchrotron Radiation Facility, Grenoble, and at the 1311 beamline of the Max-Lab syn-
chrotron source, Lund. During these different beamtimes, various experimental parameters
have been varied, and the high-temperature setup described above improved. A list of the

beamtimes is given in Tab. 5.1.

Beamtime | Sample | Oxidation conditions Beamline | Energy Time
Al Nb(110) | air (3 h, RT) MPI-MF | 10 keV September 04
A2 Nb(100) | air (14 days, RT) MPI-MF | 10 keV May 05
A3 Nb(110) | air (10 h, RT) MPLMF | 10 keV | August 05
+ pure water (10 h, RT)
A4 Nb(110) | air (10 h, RT) MPI-MF | 9 keV September 06
E1 Nb(110) | air (3 h, RT) D32 12.83 keV | April06
L1 Nb(110) | air (10 h, RT) 1311 December 05

Table 5.1: Synchrotron beatimes carried out in the framework of this work.

5.4 Sample preparation

The Nb(110) and Nb(100) single crystals (see Fig. 5.4) were oriented with an accuracy
better than 0.1°, chemically polished (HF:1, HNO3:2, HCly:2, HyO:2, in vol.), mechanically
polished, and subsequently annealed above 2100°C in ultrahigh vacuum (UHV) (in-house
furnaces). At the end of the heating cycles, the pressure was < 10~ mbar, which results
in an interstitial oxygen concentration of a few ppm [188]. The samples were then oxidized
and mounted horizontally in the dedicated UHV chamber presented in section 5.2 allowing

in-situ annealing and oxidation under controlled environment.

Figure 5.4: Nb(110) single crystal after polishing.



Chapter 6

Results on the atmospheric oxidation of
Nb(110)

The atmospheric oxidation of niobium and the thermal stability of its natural oxide layer
are of first importance for numerous technological applications of niobium, such as tunnel
barrier in nanolelectronic devices, radiofrequency superconducting cavities, or heteroge-
neous catalysis, as seen in chapter 3. In this work, a systematic, non-destructive study of
the niobium near surface region behavior upon annealing, including the simultaneous char-
acterizations of the oxide layer structure and the interstitial oxygen, has been undertaken
by means of complementary surface sensitive X-ray methods. The depth distribution of
interstitial oxygen dissolved in niobium underneath the oxide layer, will be investigated by
depth-resolved grazing incidence X-ray diffuse scattering in chapter 7.

In this chapter, the experimental results on the natural oxide layer on Nb(110) single
crystals and its evolution upon vacuum annealing are presented. The results are organized
as follows. In the two first sections, X-ray reflectivity (XRR) and high-resolution core-level
spectroscopy analysis (HRCLS) will be used in turn to determine respectively the electron
density profiles in the direction normal to the surface, and the chemical environment of
the niobium atoms in the near-surface region. The natural oxide will be characterized in
section 6.1. Its progressive dissolution as a function of the temperature will be discussed
in section 6.2. Grazing incidence X-ray diffraction (GIXD) measurements will be used to
characterize the in-plane and out-of-plane crystalline structure of the thin NbO layer in
section 6.3, as well as the structure of the Nb(110)/oxide interface (section 6.4). A model
of the oxidation process induced by the interstitial oxygen into the niobium lattice will be
proposed in section 6.3. The chapter will be concluded by a summary of the results. Note
that complementary results on the less dense Nb(100) surface oxidized in air, on Nb(110)
surfaces oxidized in dry oxygen atmosphere, and in clean water, will be discussed in chapter
8.
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The X-ray reflectivity and grazing incidence X-ray diffraction measurements discussed
in this chapter (unless indicated'), were carried out at the MPI-MF beamline at the
Angstromquelle Karlsruhe (ANKA), Germany [186], at a photon energy of 8.984 keV
(beamtime A4). The core-level measurements were conducted at the beamline 1311 at
MAX-Lab in Lund, Sweden [185]. The different methods and experimental details have

been discussed in chapters 4 and 5 respectively.

6.1 Natural oxide layer

Because of its high chemical reactivity, a clean niobium surface immersed in an atmo-
spheric environment immediately forms a rather complex oxide layer [62,66,72,94-98| (see
section 3.3.2). Thin Nb(110) films oxidized in air at RT form a 20-50 A amorphous NbyOj
layer depending on the time they were exposed to air [15,116]. Passivating oxide layer
on niobium are typically observed at ~50 A [15,90]. The occurrence of NbO or NbOy
at the NbyOj/substrate interface has been controversial and is of critical importance for
superconducting devices, as they influence drastically the performances of the material.

Nb(110) single crystals with a diameter of 11 mm and a thickness of 3 mm were oriented
with an accuracy better than 0.1°, mechanically polished and subsequently annealed above
2100°C in ultrahigh vacuum (UHV) 2. The samples were then oxidized in air during 6-10h
at RT and mounted in a dedicated UHV chamber allowing in-situ annealing (see section
5).

In this section, the XRR and HRCLS results on the natural oxide layer are presented

in turn.

XRR results

The specular X-ray reflectivity spectra of the Nb(110) single-crystal oxidized 10h in air
at room temperature is shown in Fig. 6.1 (a). The data were fitted using the Parratt
formalism, where the thicknesses, roughnesses and density of the layers were in principle
free parameters 3. The best fit was obtained with a three layer model compatible with the
following sequence of oxide layers : NbyOs5, NbOy, NbO, from the surface to the metal /oxide

interface. Attempts assuming only two oxide layers could not reproduce properly the

!Some of the results given in Sec. 6.3 refer to the E1 beamtime at ESRF and A1 beamtime at ANKA.
For more details refer to chapter 5

2At the end of the heating cycles, the pressure was < 10~ mbar, which results in an interstitial oxygen
concentration of a few ppm. For more details about the samples preparation please refer to chapter 5

3The data were fitted using the program FEWLAY developed by A. Stierle [189]. The method and
the analysis procedure have been described in section 4.3. The fitting parameters are given in Appendix

A
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Figure 6.1: (a) X-ray reflectivity data (open circles) with fit (solid lines) from a Nb(110) single
crystal oxidized 10h in air at RT. (b) Corresponding electron density profile using a three layer
model in the Parratt formalism compatible with the following sequence : NboOs, NbOs, NbO,
from the surface to the metal/oxide interface (see text for details).

features of the data. The corresponding electron density profile is shown in Figure 6.1(b).
Thin Nb(110) films oxidized in air at RT, typically show a 20-40 A oxide layer depending
on the time they were exposed to air [15]. After 10h in air, the total thickness of the
oxide is 20.3+1 A, with individual NbyOs, NbO, and NbO thicknesses respectively equal
to 10.2 A, 6.7 A and 3.4 A (error bar of + 1 A). The respective roughnesses from the
surface to the metal /oxide interface are 3.4, 2.2, 0.7 and 3.7 A. All results are summarized
in Tab. 6.1. The dispersion and absorption parameters are given in Appendix A. NbyOs,
highest oxidation state of niobium, is the most stable oxide under ambient conditions
and predominates in the native oxide. Its presence as the outermost layer of the oxide
is confirmed by the HRCLS results presented in the following. LEED measurements (not
shown) also indicate a disordered oxide layer at the surface, typical for the presence of the
amorphous NbyOj phase, as reported for the NbyO5 RT oxide grown on Nb(110) films [15].

Note that similar measurements realized using a conventional Cu X-ray source (rotating
anode) do not allow to resolve the multi-layers system, due to a insufficient signal to noise

ratio.
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Figure 6.2: (a) Core-level Nb 3ds3/5_5/9
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(RT) for hv = 400, 650 and 900 eV (nor-
mal emission angle) and fits (solid lines).
The major components assigned to NboOs,
NbOgy, NbO and the Nb doublets are in-
dicated. (b) Relative area of the oxygen-
induced components with respect with the
bulk component as a function of the photon

214 212 210 208 206 204 202 200 energy.
Binding energy (eV)

High-resolution core-level results

Additional information about the chemical environment of the niobium atoms in the native
oxide layer were obtained by core-level spectroscopy measurements. The technique has been
presented in section 4.5. For each oxidation (valence) state, the niobium atoms give rise to
a component with distinct energy shift with respect with the niobium atoms in the pure

metal.

Due to spin-orbit interaction, each of these component splits into a doublet Nb 3d3/5_5/2,
where the angular momentum state j = 5/2 occurs at higher energy, and the 3/2 at lower
one. The theoretical intensity ratio 3d%/?/3d°/?, also called branching ratio, is equal 3:2
(given by the ratio of their respective degeneracies). Depth-sensitivity of the measurements
is achieved from the escape depth dependence of the photoelectrons on their kinetic energy

(for more details see section 4.5).

The Nb 3d core-level spectra measured on the the Nb(110) surface after oxidation dur-

ing 6h in air are presented in Fig. 6.2 for various photon energies (normal emission angle,
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Figure 6.3: Binding energies reported in literature for the Nb3ds/,_3/ doublets of the main
niobium oxides. From (1) to (5) : [91,99,100,102,103].

RT). The individual components have been fitted using Doniach-Sunjic line shapes con-
voluted with Gaussian functions®. The intensity, the binding energy (B.E.), the lineshape
parameters (Lorentzian FWHM T, Gaussian FWHM ¢ and the asymmetry parameter «),
and the background are free parameters. They should, however, be consistent for all mea-
surements at different depths as well as at different temperatures, which were included in
the analysis in order to increase the reliability of the results. The spin-orbit splitting of
the Nb 3d level is 2.74€V, in good agreement with values reported in literature (see section
4.5). A branching ratio of ~ 0.67 was used and the lifetime width of the 3d%? level was
found to be about 0.1-0.2¢V bigger than for the 3d/? level [190]. A selection of binding
energies reported in literature for the Nb3ds/2_3/5 doublets of the main niobium oxides is
given in Tab. 4.2 and plotted in Fig. 6.3. The major components of the spectra Fig. 6.2
are assigned to NbyOs5, NbO,, and NbO, located respectively at ~5.5¢V, 4eV and 1.9eV
above the niobium metal binding energy®. The major component at the surface is, as
observed for the XRR results, the NbyO5 component. Additional components P, and P,
with energy shifts with respect to the bulk component inferior to the NbO component,
were needed to fully account for the Nb 3d line shapes. The interpretation of those com-
ponents is discussed below. The Nb and NbO components present a non-zero asymmetry
parameter characteristic for metals, while an asymmetry parameter equal to zero for the
NbyOs5 component is consistent with the dielectric nature of NbyOs. The resulting fitting

parameters are summarized in Appendix A.

4The data were fitted using the FitXPS program developed by D. Adams [183], for more details about
the analysis procedure the reader is invited to refer to section 4.5

5During our beamtime, problems with the analyzer made the alignment of the data on the Fermi level
problematic. All data and the energy shifts are however fully consistent between each other and with what
is reported in literature. The spectra have been therefore aligned on the pure metallic Nb peak at 202.2eV
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The relative area of the Nb 3ds/, components with respect to the niobium bulk com-
ponent as a function of the photon energy is shown in Fig. 6.2 (b). The escape depth
of the photoelectron is increasing from 400eV to 900eV. All oxide components are higher
for the photon energies where the surface sensitivity is larger. The strongest decrease is
observed for the highest binding energy contribution, attributed to NbyOj5, indicating that
the photoemitting atoms are located closer to the surface than the other components. This
is compatible with a layering of the NboO5 and NbO, oxides, and justifies the model used
in the XRR analysis. Note that angle-resolved photoelectron spectroscopy studies show a
similar layering for Nb(100) single crystals oxidized in air [21]. The relative decreases of the
NbOs, NbO and P, components with increasing the photon energy are similar. However,
they are most probably not resolved with the range of energies used here. In contrast, a
clear layering of the NbO, and NbO oxides is observed after heating (section 6.2.1). The
increase observed for the P, component with increasing the photon energy, indicates its
location at the metal /oxide interface.

From extrapolation of the relationship between the valence of Nb oxide states and
the corresponding chemical shifts (see Fig. 6.3), different authors assigned a chemical
shift around 140.2 eV to the NbyO state [19-21, 90, 109]. Arfoui et al. [16] attributed
chemical shifts of 0.2eV and 0.5eV toward higher binding energies to NbgO and Nb,O
compounds, assigned respectively to octahedral and tetrahedral interstitial sites. The P;
and P, components obtained from the deconvolution of the spectra shown in Fig. 6.2 were
shifted by ~0.35eV and ~0.85eV with respect to the niobium bulk component. However,
for the data measured on the natural oxide and after heating at low temperatures (see
also next section), the positioning of those weak components could not be determined
unambiguously. Further interpretation at this point would be to speculative. In contrast, it
will be seen in the next section that at higher temperatures, above 300°C, the P, component
(assuming the same chemical state) becomes rather important and its energy well resolved.
Following the spectroscopic argument mentioned above, it will be assigned to NbyO. For

further discussion see section 6.2.2.
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6.2 Thermal stability of the oxide layer

The progressive dissolution of the natural oxide layer characterized in the previous sec-
tion, as a function of temperature under UHV conditions, has been investigated by mean
of X-ray reflectivity and high-resolution core-level spectroscopy. The surface has been
subsequently heated at 145°C, 300°CS, and 670-800°C. All measurements have been per-
formed after cooling the sample down to a frozen state at room temperature (RT) (unless
indicated). In the first part of this section, the low-temperature heating treatments, rele-
vant for the rf superconducting cavities, will be presented. Temperature treatments above
300°C will be discussed in the second part of the section. All thermal treatment results
will be summarized and discussed together at the end of the section. Additional structural
characterization of the oxide layer by grazing incidence X-ray diffraction will be given in

section 6.3.

6.2.1 Low-temperature UHV annealing

As mentioned before, the microscopic origin of the remarkable enhancement achieved on
the rf accelerating field after a low-temperature annealing (typically 120°C, 12-24h) [1-3],
has, despite an increasing interest from the surface science community, remained up to
now unclear. Considering the range of temperatures involved, it has been argued that a
redistribution of subsurface interstitial oxygen within the penetration depth of the rf field
into niobium (typically 500 A) is involved. This hypothesis will be discussed in detail in
chapter 7. However, a complete picture of the near surface region includes, besides the
interstitial oxygen, the oxide layer and the metal/oxide interface. Their behavior upon
vacuum heating are crucial and will be discussed in this section.

Based on the hypothesis that the oxygen diffusion is involved in the performances
achieved on rf cavities, heating at 145°C (3h, UHV) was recently proposed [191] in the
superconducting rf community, as faster alternative to the standard baking procedure
(120°C,12-24h). This treatment has shown similar improvements in the cavity perfor-
mances and is therefore a good compromise for us, taking into account the time require-

ments for synchrotron experiments.

XRR results

Fig. 6.4 (a) shows the X-ray reflectivity data measured after heating the Nb(110) surface
at 145°C (5h, UHV). The native oxide data, discussed in the previous section, are shown

6 An intermediate heating at 200°C for ~1h (UHV) was systematically applied before heating at 300°C
but is not discussed here.
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Figure 6.4: (a) X-ray reflectivity data (open circles) and fit (solid line) of the Nb(110) surface
after heating at 145°C (5h, UHV), the data measured after atmospheric oxidation are shown
for comparison (dashed line). (b) Corresponding electron density profile (see text for details).
(c) Core-level Nb 3ds/5_5/5 spectrum (open circles) with fit (solid line) measured on Nb(110)
after 145¢C (3h,UHV), the data measured after atmospheric oxidation are plotted for comparison
(dashed line) (photon energy = 650eV, normal emission angle, RT).

for comparison. The measurements were recorded after cooling the sample down to RT,
freezing the state of the system. The best fit was obtained using a three layer model, as
for the native oxide, with a total oxide thickness which slightly decreased from 20.3 A to
18.8 A. The corresponding electron density profile is plotted in Fig. 6.4 (b). The main
effect of the thermal treatment is the reduction of the NbyO5 thickness by ~ 20% to 7.9 A,
while the NbO, layer is slightly thickening to 7.4 A. Only the NbO layer stays unchanged
in comparison with the RT data. All interfacial roughnesses, presented in Tab. 6.1, stay
nearly constant. An increase of the NbyOj5 electron density by 10 % in comparison with

the as-prepared value is observed (see Appendix A).

Core-level results

The Nb 3d core-level spectrum measured after heating at 145°C (3h, UHV) is presented
in Fig. 6.4 (c), the data for the natural oxide are shown for comparison (normal emission
angle, hv = 650 eV). The decrease in intensity observed for binding energies corresponding
to NbyOs5 in favor of an increased intensity around the lower binding energies of NbOs,
indicates that the oxide layer reduces progressively from NbyOj5; to NbO,, showing similar

behavior as reported on polycrystalline [18,19] and Nb(100) single crystal [21] surfaces, and
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in agreement with the layer transformations observed by the reflectivity measurements.

Spectra recorded in-situ during the annealing at 145°C are plotted in Fig. 6.5 (a). The
fitting procedure has already been discussed in the previous section. The fitting parameters
are given in Appendix A. The different components are identical as for the native oxide
layer. The relative area of the main oxide components with respect to the bulk component
as a function of the time is shown in Fig. 6.5 (b). The data points corresponding to

measurements performed before and after heating (at RT) are plotted for comparison.

Details of the deconvolution of the depth-dependent core-level spectra measured after
cooling down to RT are presented in Fig. 6.6. An additional component corresponding
to a B.E. shift of 2.7eV (purple) with respect to the pure niobium, was needed to fully
account for the Nb 3d line shape. One could be tempted to assign it to an interfacial
state for the niobium atoms located at the NbOy/NbO interface, seeing an intermediate
bonding state. However, such a component was not necessary for the native oxide, or the
data recorded during heating (see below). Ma et al. [21] reported the presence of NbyOg
underneath NbO, for a Nb(100) single crystal oxidized in air and annealed at 430K. The

extrapolation of the average values reported in Fig. 6.3 would yield to the NbyO3 valence.

The relative area of the main Nb 3d5/, components with respect to the niobium bulk

component as a function of the incident photon energy is shown in Fig. 6.6 (b). The
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strongest decrease is observed for the NbyO5 component, implying a similar layering of the
NbyO5 and NbO, components as observed for the native oxide. The decrease of the NbO,
component is higher than for the NbO component, indicating that the NbO, is present on
top of NbO and not intermixed with it. This justifies the layered model assumed previously
in the XRR analysis.

6.2.2 Vacuum annealing between 300 and 800°C

For vacuum annealing above 300°C, the native oxide characterized by mean of XRR and
HRCLS, reduces significantly from NbsOs; and NbO,, into NbO. This involves a major
dissolution of the oxide layer, in contrast with the moderate changes presented in the last
section. The existence of a transition temperature between 200-300°C for the reduction
of the oxide layer to NbO, was already reported in different studies [18-20]. The thermal
treatments discussed in this section, were subsequently applied to the low-temperature

heating discussed in the previous section”.

XRR results

The specular X-ray reflectivity data measured after heating at 300°C (50min., UHV), and
at 670°C (bmin., HV) are shown in Fig. 6.7 (a). Both spectra have been fitted with a unique
NbO layer on the niobium substrate, respectively 8.6 A and 29 A thick. The corresponding

electron density profiles are shown in Fig. 6.7 (b). Simultaneously to the oxide growth,

"The samples were therefore subsequently heated at 145°C (section 6.2.1), 200°C (not discussed),
300°C and higher.
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Figure 6.7: (a) X-ray reflectivity data (open circles) and fit (solid lines) after heating at 300°C
(5h, UHV), and at 670°C (5min., HV). The data were vertically shifted for clarity. Dashed curve :
best fit of the 300°C data without oxide layer, which can not describe the data. (b) Corresponding
electron density profile. A single NbO layer model, thicker at higher temperature, was used for
both temperatures.

both roughness at the surface and at the NbO/Nb interface increase drastically. The data
present few features, especially at 300°C. However, a rough bare substrate alone can not
reproduce the curve (dashed line in Fig. 6.7).

Note that for those experiments (and the GIXD discussed in the following chapter),
670°C was the maximum temperature that could be reached with a rather slow heating
rate (> 1h). The pressure in the chamber increased simultaneously to 10~ mbar®.

A stable and passivating NbO layer grown on Nb(110) was reported after oxidation
of Nb(110) thin films in pure oxygen atmosphere at 340°C [15]. It is specified that a
low oxygen pressure and high temperatures are necessary. Parallel the NbO growth, a
consequent roughening of the surface and the metal/oxide interface was observed. We
have performed different oxidation experiments on the Nb(110) single crystals in similar
conditions, but did not obtain a NbO passivating layer. The oxide grown on the single
crystal surfaces oxidized further into NbOy and NbyO5 once immersed in air.

Grazing incidence X-ray diffraction measurements discussed in section 6.3, confirm the
growth of an NbO epitaxial layer with a strained interface due to the high lattice mismatch
between the two crystalline structures. Complementary information is given by the core-

level results presented below.

8The chamber was not initially baked in order not to affect the sample before the experiment with a
“pre-low-temperature” treatment, and residual water can be expected inside the chamber.
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The depth-dependence of the Nb 3ds/2_5/2 spectra measured after heating at 300°C
(30min., UHV) is shown in Fig. 6.8 (a). The NbyO5 component has completely disappeared
(compare with Fig. 6.6), while only slight traces of NbO, are still apparent, in agreement
with the XRR results. No LEED pattern could be observed (not shown), which is an
indication of the disordered state of the surface. The main component, located 1.5 eV above
the niobium bulk component, can be assigned to NbO (see Tab. 4.2), although its B.E.
is smaller than observed at lower temperatures. Such a shift toward lower binding energy
was already mentioned for thin NbO layers [16,21,109]. Moreover, the results obtained
after heating at 800°C (see below), suggest to split the broad NbO in two components
shifted by 1.4 and 1.9 €V with respect to the bulk component. The details of the spectra
deconvolution including these two NbO components are given in Appendix A.

Fig. 6.9 (a) shows the spectra and decomposition of the Nb 3d core-level measured after
annealing at 800°C (5min., UHV)? at various photon energies. We have already mentioned

that the components shifted by 1.4 and 1.9 eV with respect to the niobium bulk component

9In contrast to the XRR measurements at high temperature, the HRCLS measurements were performed
under UHV conditions and at fast heating rate.
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(green), can be assigned to atoms in a NbO environment. Such a splitting between two
components for a thin NbO oxide was already reported [192]. The two components of
energy shifts 1.6 eV and 2.1 eV, were assigned to deviation in stoichiometry in the NbO
layer, with NbO;,. and € ~ 0.2. The XRR results have shown that the growth of the
NbO layer was accompanied by a huge increase of the surface roughness, which implies an
enhanced surface area. Since the surface atoms experienced a potential different from the
bulk because of a lower coordination number, their core-levels are expected to be shifted.
The relative area of the different components with respect to the bulk component as a
function of the energy is shown in Fig. 6.9 (b). The strongest decrease is observed for the
1.4 eV shifted NbO component, which is therefore located closer to the surface than the
1.9 eV NbO component. Lower binding energies for surface atoms have been reported for

0

numerous systems'®. The P, component appears below the NbO components and above

Py, which finally occurs at the metal /oxide interface.

0The surface state of pure niobium was reported to be shifted toward higher binding energy for the
Nb(110) surface [101] and the Nb(001) surface [105].
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The P, doublet appear to be the main component of the data presented in Fig. 6.9.
Its B.E. is shifted by ~ 0.85 eV with respect to the bulk component. A small component
at the same B.E. was already introduced in the decomposition of the native oxide spectra,
and increased significantly in intensity starting from 300°C. Its magnitude with respect
to the other components in Fig. 6.9 (a), indicates a well-defined chemical environment
extending over several layers, rather than an interfacial contribution. We already mentioned
that by extrapolation of the relationship between the valence of Nb oxide states and the
corresponding chemical shifts (see Fig. 6.3), different authors assigned a chemical shift
around 1£0.2 eV to the NbyO state [19-21,90,109]. Ma et al. [21] for example, referred to
Nb,O as the remaining species after 20h of vacuum annealing at 250°C of a Nb(100) single
crystal initially grown in air. However, no information about the structure of this “phase” is
usually given in these studies!!. A XRD characterization of a so-called NbyO structure has
been done [142]. The occurrence of a tetragonal phase directly related to the niobium bec
lattice was suggested, where oxygen atoms ordered themselves along preferential directions,
namely occupying only the x and y interstices (see Fig. 3.8 and section 3.3.6). Other
authors |71, 133, 141] refer to this phase as the NbO, phase. We did not perform yet
structural investigations to confirm (or not) the presence of this tetragonal phase. For

further discussion see also section 6.5.

6.2.3 Partial summary and discussion

A consistent picture of the natural layered oxide and its dissolution upon heating is achieved
thanks to the complementarity of the XRR and HRCLS results. The natural oxide observed
on the Nb(110) surface is layered with the following sequence of oxides NbyO5, NbOy, NbO,
from the surface to the metal/oxide interface. It reduces progressively with increasing
temperatures, from NbyO5 to NbOy at 145°C, and to NbO at 300°C and above, such that
one can write

Nb,05 =5 NbO, 25 NbvO (6.1)

where the transition between low temperatures LT and high temperatures LT occurs
between 200 and 300°C. The thicknesses and roughnesses of the individual oxide layers
obtained from the X-ray reflectivity analysis are summarized in Tab. 6.1. After heating
at 145°C, the NbO layer stays unchanged while NbyOs, which possess the lower heat of

decomposition of the different niobium oxides (see Tab. 3.5), reduces into NbOy. The

1 As exception, the presence of NbyO while repeating annealing cycle on a Nb(100) surface at elevated
temperatures (from 1700 to 2000°C) was observed simultaneously to (3x1) and (4x1) surface reconstruc-
tions in LEED [109]. In a separate work, these divers reconstructions were characterized as arrangement
of NbO nanocrystals on Nb(100) [95].
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Figure 6.10: Schematic view of the natural layered oxide on Nb(110) single crystals oxidized in
air at RT and its progressive dissolution upon vacuum annealing.

Oxide RT 145 °C 300°C 700°C
NbyO5 10.2 (3.4) 7.9 (3.7) - -
NbO, 6.7 (2.2) 7.4 (2.2) - -
NbO 3.4 (0.7) 35(1.1) 8.6(3.6) 30 (12.5)
Substrate - (3.7) - (3.6) - (3) - (5.5)
Total thickness 20.3 18.8 8.6 30

Table 6.1: Thicknesses (roughnesses) in A (error bar of + 1 A) of the different niobium oxides
observed on Nb(110) surfaces oxidized 10h in air at RT for different thermal treatments. The
results are obtained from the X-ray reflectivity analysis described in the text.

depth-resolved core-level measurements confirm a layering of the different oxide species
identical to the natural oxide. These results indicate that the progressive reduction of the
NbyOj5 layer toward NbO,y occurs at its interface with the NbO, layer, in agreement with
what is reported in [21], rather then as an homogeneous process inside the NbyO5 layer [18].

Each step of the conversion 6.1 involves oxygen removal. The net amount of oxygen
released during the oxide dissolution (and resp. uptake/growth at 670°C) can be calculated
from the different oxide densities and the variation of their thickness. The atomic contents
in niobium and oxygen atoms for the different niobium oxides are given in Tab. 3.2. The
dissolution of the Nb,yOs layer at 145°C, from 10.2 A to 7.9 A, corresponds to a release of
1.19 x 10'® O at./cm? oxygen atoms per surface unit, while the NbO, uptake is equal to
3.97 x 101* O at./cm?. This gives a total oxygen release of

O:eleass(RT N 14500) =8 X 1014 O at./0m2 (62)

For comparison, 1 nm of niobium crystal containing interstitial oxygen atoms with an
average concentration of 10 at.% corresponds to an amount of oxygen of 5x 10! O at. /cm?.

The oxygen release due to the partial oxide reduction at 145°C can also be expressed as
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~ 0.6 Nb(110) monolayer (ML) equivalents. After annealing at 300°C, NbyO5; and NbO,
are converted almost entirely to NbO, and the overall oxygen release is equal to ~ 5 ML
equivalents. Fig. 6.11 illustrates the total amount of niobium and oxygen atoms involved
into the oxide layer, summing the contributions of the NbyOs5, NbO, and NbO layers,
as a function of temperature. The release of oxygen increases strongly from 145°C to
300°C, as calculated above. These results are of first importance for the understanding
of the interstitial oxygen profiles studied by means of depth-resolved diffuse scattering in
chapter 7. The diffuse scattering measurements were realized during the same beamtime
and therefore the same conditions than for the XRR results presented here, and thanks to
these complementary results, a full picture of the near surface region of a Nb(110) surface
oxidized in air will be achieved.

In two different works on polycrystalline materials, the kinetic parameters for the con-
version 6.1 have been calculated [18,193]. The NbO;y to NbO transition was determined
to be the rate-limiting step in the overall reduction [18]. One can calculate, using their
parameters, the amount of oxygen produced during annealing at 145°C for 5h. Assuming
a frequency factor A of 3 x 10%s7! [3] and an activation energy E, of 135k.J/mol [193], the
oxygen release is given by c(t,T) = co(1 — e**) where ¢ is the initial oxygen concentra-
tion in the oxide. The amount of oxygen obtained is one order of magnitude lower than
what we observed. Note that the dissolution of the natural oxide layer depends strongly
on the thermal treatment applied, but also the surface preparation, crystal orientation,
etc.. Different oxidation conditions of the Nb(110) surface will be discussed in chapter 8.3,
while the atmospheric oxide on the Nb(100) surface will be presented in chapter 8.1.

1.20E+16 Figure 6.11: Total amounts of niobium and
oxygen atoms involved into the oxide layer (in-
8.00E+15 cluding NbyO5, NbOy and NbO layers) as a func-
tion of the thermal treatments applied (the val-
4.00E+151 Nb ues are calculated from the thicknesses obtained
0.00E+00. 1' M Oxygen from the XRR analysis).
RT 145 300 700

Both XRR and HRCLS measurements at higher temperatures (resp. 670°C, HV ;
800°C, UHV) are delicate to compare, because of the temperature difference, but also
significant differences in the experimental conditions. Theoretical calculations [113] show
that NbO has a very high potential barrier for the incorporation of further oxygen and
therefore prevent further ion transport from the surface to the interface or vice versa. The

growth of the oxide layer after heating at 670°C in a degraded vacuum would, following
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this argument, rather be associated to oxygen segregation from the bulk, than by oxygen
incorporation at the surface. In this hypothesis, the NbO growth is limited by kinetics.
The total Ols peak area for the core-levels measurements (not shown) shows no significant
change between 300°C and 800°C, indicating that the transformation that occurs in the
surface region do not release or uptake oxygen into/from the bulk. At both temperature
the presence of an intermediate phase between the niobium bulk and NbO is observed and
assigned in a first attempt to NboO. For further discussion see also section 6.5.

The niobium monoxide already observed in the natural oxide, was the only remaining
oxide component on the Nb(110) surface for temperatures > 300°C. In the next section,
the XRR and HRCLS results are confirmed by mean of complementary grazing incidence
X-ray diffraction measurements, suitable for the characterization of the NbO crystalline

structure.
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6.3 NbO(111) epitaxial layer on Nb(110)

In the previous sections, we have observed by means of X-ray reflectivity and core-level
measurements, the existence of niobium monoxide at the metal/oxide interface, already
for the natural oxide. Simultaneously to the reduction of the oxide layer upon heating,
NbO was observed to grow, and remained the unique oxide species at the surface for tem-
peratures higher than 300°C. In this section, we investigate its crystalline structure, as
well as its epitaxial relationships with respect with the underlying substrate by means of
grazing incidence X-ray diffraction (GIXD). GIXD measurements are highly sensitive to
the in-plane and out-of-plane structure at the surface and few nanometers below, offer-
ing complementary information to the X-ray reflectivity and core-levels results discussed

before.

6.3.1 In-plane structure

The grazing incidence X-ray scattering intensity measured over the first Brillouin zones of
the Nb(110) surface annealed at 350°C (2h,UHV) after dry oxidation at RT (see Sec. 8.2) is
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Figure 6.12: Grazing incidence in-plane X-ray scattering intensity for the Nb(110) surface mea-
sured after annealing at 350°C (2h,UHV) (scattering depth ~ 6nm). Besides the high intensity
niobium Bragg reflections (220), (420), (200) and (220) (in surface units), a six-fold symmetry sig-
nal corresponding to the (220)-type reflections of an epitaxial NbO(111)/Nb(110) layer is observed
(see text for details).



6.3 NbO(111) epitaxial layer on Nb(110) 83

Figure 6.13: Structural unit cell of the Nb(110)
surface. The bulk bee unit cell is shown for indi-
cation.

a =C =
surface surface

=a
surface

shown in Fig. 6.12. The measurements were performed at ESRF, on ID32 (beamtime E1).
The incident and exit angles were respectively fixed at 0.2 and 0.6°, which corresponds
to a scattering depth of ~ 6nm. The Hgyface and Kguface indexes describe the in-plane
momentum transfer expressed in reciprocal lattice units (r.L.u.) in the Nb(110) surface
coordinates, as depicted in Fig. 6.13. Hgumee = 1 corresponds to the reciprocal lattice
unit |@*| = 27/(av/2) A1, and Kguace = 1 to |&*] = 27/a A~1, with @ = 3.3 A lattice
parameter of the bce unit cell.

In Fig. 6.12, the niobium Bragg reflections (220), (420), (200) and (220) (in surface
units) are visible. In addition, reflections rotated by 60° with an in-plane scattering vector
Q = 4.13 A1, corresponding to a d-spacing of 1.52 A, are observed. This is compatible
with the six-fold symmetry of the NbO(111) planes, where the nearest-neighbor distance
is equal to 2.98 A, see figures 6.13 and 6.21. The two reflections observed in Fig. 6.12 can
therefore be attributed to the (022) and (202) reflections of NbO(111)*? with the in-plane
directional relationship Nb[001]|[NbO[110], as depicted in Fig.6.14.

For fec-(111)/bee-(110) interfaces, we have discussed in section 3.4 that, depending
on the geometrical relationship given by the ratio r = dj../dp.. of the nearest neighbor
distances, the Nishiyama-Wassermann (NW) or Kurdjumov-Sachs (KS) orientations are
predicted from rigid-lattice theory, and experimentally observed for many metal-on-metal
systems. The directional orientation relationship between the oxide layer and the under-
lying substrate observed here corresponds to the Nishiyama-Wassermann orientation (see
Fig. 3.10).

12The mixed hkl reflections, such as the (110), are forbidden for the rock salt structure, while extremely
weak for the NbO defective structure. This has its importance, as we will see in the next chapter, to be
able to distinguish the NbO reflections from the diffuse scattering induced by the interstitial oxygen atoms
dissolved into niobium (see chapter 7).
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Figure 6.14: In-plane view of the reciprocal and real space of the NbO(111)/Nb(110) interface.
The epitaxial orientation relationship at the NbO(111)/Nb(110) interface is determined to be the
Nishiyama-Wassermann orientation.

For NbO(111) on Nb(110), the parameter r = 1.042 is smaller than the ideal value
ris of 1.0887, but still very different from the optimal values of the NW orientation of
0.9428. A KS orientation would therefore be predicted by the rigid-lattice theory. The
NbO/Nb lattice mismatch along their common directions equals 10% for the NW orien-
tation relationship'®, which is relatively high compared to a lattice mismatch of 4% for
the KS orientation. A side to side arrangement of NbO(111) nanocrystals with a KS-type
epitaxial relationship was reported on Nb(110) single crystals [112], in agreement with the
aforementioned prediction. The NW orientation, however, has also been reported in var-
ious studies: for NbO(111) on Nb(110) thin films oxidized in dry oxygen atmosphere (~
300°C) [116], and on Nb(110) single crystals annealed at high temperatures [69]. As empha-
sized in [69], the simple rigid-lattice model takes into account only geometrical parameters,
neglecting for example the influence on the interfacial energy of the metal-oxide bonding
at the interface (and the strong directional bonding between Nb and O). The coexistence
of the KS and NW orientation relationships, or transitions in between them depending on
film thickness or the growth temperature has been investigated in other fec(111)/bee(110)
systems [151]'4. Similar transitions have been observed at higher temperatures in this
work, as it will be discussed below.

Meshscans measured around the region of interest for the Nb(110) surface oxidized in

13NbO[001] (3.3A) and Nb[1-10] (2.98A)

4The KS orientation is generally preferred at the interface because of the smaller lattice mismatch,
resulting in a lower density of interfacial defects and therefore in a lower interfacial energy. In this case, the
transition to the NW orientation occurs above a critical thickness where the volume energy is minimized.
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air (ANKA beamtime A4), for the different treatments discussed in the previous sections,
are shown in Fig. 6.15. The incident and exit angles were respectively fixed at 0.25 and
1°, which corresponds to a scattering depth of ~ 5nm. The theoretical calculation of
the oxygen-induced diffuse scattering discussed in details in the next chapter 7, is shown
for indication!®. The corresponding diffracted intensity measured as a function of the

in-plane rotation angle 6 for a fixed scattering vector on the (022) reflection is shown in
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Figure 6.15: In-plane meshscans around the NbO (022) reflection as a function of the temper-
ature for the Nb(110) surface initially oxidized in air (ANKA beamtime A4). The theoretical
calculation of the diffuse scattering induced by interstitial oxygens dissolved into the niobium
lattice (see chapter 7) is shown for comparison.

15The theoretical calculations were performed by R. P. Kurta [164] (section 4.2 )
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Fig. 6.16 for different temperatures. In all scans the sixfold symmetry of the NbO(111)
planes is observed. At low temperature, the NbO (022) reflection occurs at a position
slightly shifted to a smaller angle than the 5.26° expected between the in-plane Nb[111]
and NbO[110] directions for the NW orientation, indication of a distorted epitaxial oxide.
After heating at higher temperatures, the peak moves progressively toward the angle of
the NW position, simultaneously to an increase of the d—spacing (shift of the maxima
toward lower ) values). One knows from the XRR results, and will discuss in the next
part of this section, that heating to 670°C induced the growth of the NbO layer. A highly
strained interface is expected from the strong mismatch of the NW orientation relationship,
which can distort the thin oxide film and explain the progressive shift of the NbO(022)
reflection. One has also to keep in mind the presence of a high concentration of interstitial
oxygens at the metal/oxide interface (see chapter 7 and section 6.2.2), strongly correlated
to the strain into the niobium lattice and thereby to the epitaxial constraints. Referring
to the width of the NbO peaks, the high mismatch yields to small but epitaxially oriented
in-plane domains. It is interesting to note that the NbO (022) reflection occurs in the
direct vicinity of the oxygen-induced diffuse X-ray scattering intensity expected at the
Q;..—2(1,1,1) (Fig. 6.15 (top)), and is shifted toward it in the initial state of the natural

oxide.

The NW orientation has been systematically observed in our measurements for Nb(110)
surfaces oxidized under dry oxygen atmosphere or ambient conditions. In the following,

two additional set of data are presented.

The first set of data are meshscans measured at ANKA (beamtime A1) on the Nb(110)
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Figure 6.16: Diffracted intensity as a function of the in-plane rotation angle 6 for different
thermal treatments applied on the Nb(110) initially oxidized in air. The scattering vector is fixed
on the NbO(022) reflection. In all scans the sixfold symmetry of the NbO(111) planes is observed.
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surface oxidized in air (6h, RT) as a function of thermal treatments!®, shown in Fig. 6.17.
A similar evolution of the peak position is observed for the two first temperatures as
described before. For the last thermal treatment (Fig. 6.17 (c)), measured after heating
at slightly higher temperature, a shift toward higher ) value is observed, corresponding to
a smaller d-spacing and indicating the occurrence of a relaxation process.

In Fig. 6.18, in-plane rocking scans measured on the NbO(220) reflection for different
high temperature annealings and dry in — situ oxidation applied on the Nb(110) surface
initially oxidized 3h in air are presented (beamtime E1, see also section 8.2.1). After heating
at 1800°C, the characteristic pattern of the Kurdjumov-Sachs orientation relationship,

presenting two domains rotated by 4+ 5.26° with respect with the [100]| direction of the
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Figure 6.17: In-plane meshscans around the NbO (022) reflection as a function of the temper-
ature for the Nb(110) surface initially oxidized in air (ANKA beamtime Al). (a) After heating
at 200°C (1h). (b) After heating at 300°C (30min.). (c) After in-situ dry oxidation at 200°C and
subsequent heating at 300°C and 700°C (5min.) (see text for details).

16The complete sequence of treatments was the following : RT, 200°C (1h,UHV), 300°C (30min., UHV),
in-situdry oxygen oxidation at 200°C, 300°C and 700°C (5min.,UHV)
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Figure 6.18: In-plane NbO(220) rocking scans measured on Nb(110) initially oxidized in air for
subsequent high temperature annealings (H1 1800°C), (H2 2000°C), and in-situ RT dry oxidation.
A progressive transition between the KS and NW epitaxial orientation relationships is observed.

substrate, was identified. The simultaneous presence of the two KS peaks splitted by 10°
(low intensity shoulders), and by an angle inferior to 10° (main component), indicates
that a transition between the KS and NW orientations is occurring. The subsequent
vacuum annealing at 2000°C presents, as main component, the NW orientation. Small
shoulders indicative of traces of the KS orientation are still visible. The decomposition of
the lineshape observed after in-situ dry oxidation is shown in Fig. 6.19. The NbO(220)
peak is fitted with three reflections that allow to identify the coexistence of the NW and
KS. The in-plane view of the reciprocal space of the Nb(110)/NbO(111) interface for both
NW and KS orientation relationships is shown in Fig. 6.19.
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Figure 6.19: Left : In-plane NbO(220) rocking scan measured after in-situ dry RT oxidation.
Right: In-plane view of the reciprocal space of the Nb(110)/NbO(111) interface for both NW and
KS orientation relationships.
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6.3.2 Out of plane structure

The measurements discussed in the previous section considered only the in-plane structure
of the oxide layer with respect to the substrate. In complement to them, out-of-plane
measurements have been performed in order to characterize the oxide structure normal to
the surface. The out-of-plane reflections arising from the thin oxide layer are schematically
shown with respect to the underlying substrate lattice in Fig. 6.20 (a) (only some given

directions are plotted). The out-of-plane coordinate Lyyo defines the momentum transfer
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Figure 6.20: (a) Out-of-plane view of the NbO(111) reciprocal lattice (red) (only some given
directions are plotted) with respect to the in-plane reciprocal lattice of Nb(110). (b) L-scans along

the three NbO reciprocal directions (R1), (R2) and (R3) normal to the surface, as a function of
the temperature.



90 Results on the atmospheric oxidation of Nb(110)

A [11]

¢*=7.29A
Figure 6.21: NbO(111) plane in both bulk
defective rock salt and new surface unit
cells.
2.43A
Nb
o

normal to the surface @), in the NbO(111) surface coordinates, as described in Fig. 6.21.
Lnwo = 1 corresponds to the reciprocal lattice unit |&,o| = 27/cxpo = 0.86 A=, where
exvo = 4.21 V3A=17.29 A

In Fig. 6.20 (b), out-of-plane scans measured along three different NbO reciprocal lattice
directions normal to the surface are shown. The data have been recorded in the niobium
surface coordinates and plotted in Fig. 6.20 and 6.23 in the bulk NbO coordinates. The
corresponding rods are illustrated schematically in Fig. 6.20 (a). The data were measured
subsequently to the reflectivity measurements discussed in section 6.2 (beamtime A4). The
corresponding in-plane meshscans were presented in Fig. 6.15. Along the direction (R1),
data are plotted for the atmospheric oxidation of the Nb(110) surface, after heating at
145°C (5h,UHV) and at 300°C (50min.,UHV). It has been shown in the previous section,
that the in-plane six-fold symmetry of the thin NbO(111) layer was already visible after

(R3)

I:abc... Il : cha... I+ 1l : abc + cba

Figure 6.22: Out-of-plane reciprocal NbO lattice. The presence of both reflections in one scan
(for example along (R2) or (R3)) is a typical sign for twin formation where domains with abcabc
and inverted cbacba stacking sequences laterally coexist.
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atmospheric oxidation and after annealing at 145°C (see Fig. 6.16). From the reflectivity

analysis, however, one knows that this layer is not thicker than a unit cell.
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Figure 6.23: (a,b) L-scans measured after heating at 300°C along (R2) and (R1), respectively.
(c) L-scan measured along (R2) after heating at 670°C.

Data measured along the (Rs) and (Rj3) directions after heating the sample at 300°C
(50min.,UHV) and at 670°C (5min.,HV) are presented in Fig. 6.20 (b). In both (R2) and
(R3) scans NbO reflections at Lyxpo = 1 and Lypo—2 are observed, although from the bulk
structure factor only the reflections at Lnpo=1 should be observed along (R2) and Lxpo=2
along (R3), as described in Fig. 6.22. The bulk structure of NbO in the [111] direction
consists of alternating niobium and oxygen layers respectively in an hexagonal fcc-like
stacking sequence abcabe . . ., see Fig. 6.28. The fcc reciprocal lattice can not be transformed
into itself by a rotation of 180° around the [111] axis. This plane is therefore sensitive to the
layer stacking and stacking faults in the subsequent layers. The presence of both reflections
in one scan is a typical sign for twin formation, where domains with abcabc . .. and inverted
cbacba . . . stacking sequences laterally coexist. The reflections assigned I can be attributed
to abcabc . . . stacked domains and /1 corresponds to the cbacba . .. stacked domains.

The decompositions of the scans measured along (R2) and (R1) after heating at 300°C

Figure 6.24: LEED pattern taken on the
Nb(110) surface after annealing at 800°C for
5min. The six-fold symmetry of an NbO(111)
epitaxial layer is visible.
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are presented in Fig. 6.23 (a,b). The fit of the data recorded after heating at 670°C is given
in Fig. 6.23 (c). Note that, as mentioned above, the data are plotted in the bulk NbO
coordinates. An expansion of the lattice parameter of the thin oxide layer with respect
to the NbO bulk value would then give rise to a shift toward lower reciprocal values as
observed for the peaks in Fig. 6.23 (b). In addition to the two domains peaks I and I, the
rod intercepts the tail of the Nb(111) reflection, which gives rise to a contribution around
Lnyo = 1.5. The full width at half maximum (FWHM) of the reflections, AL ~0.5 and
~0.3 in relative units, correspond to a stacking correlation length D of 14.6 A and 22-26
A in real space, using the rough estimate AL = 27/D. Those value are comparable with
the total film thickness of ~10 Aand 30 A obtained in the previous section by means of
XRR measurements'”.

The similarities between the NbO and NbC structures, already mentioned in section 3.2,
make it difficult to distinguish them. However, the content in carbon impurities reported
in niobium is usually much lower than the oxygen, known as the main niobium impurity.
The solubility of C in Nb extremely low is comparison with O [79]|. Taking into account
the repeated purification cycles applied on the samples as described section 5.4, the only
carbon contamination of the samples originates from their immersion in air. In addition, at
low temperatures, the Nby,Oj5 acts as a diffusion barrier preventing the carbide formation.
A small content of NbC of maximum 1ML was reported on niobium polycrystalline samples
oxidized 43h in air [19].

As already mentioned, LEED patterns recorded after annealing the sample at 300°C do
not show any ordered feature at the surface indicative of a disordered state of the surface.
After heating at 800°C, the six-fold symmetry of the NbO(111) epitaxial layer is visible,
see Fig. 6.24.

6.4 Oxide/metal interfacial structure

So far, we have discussed the structural details of the thin NbO oxide layer. In this
section, the structure of the oxide/metal interface is briefly investigated by means of crystal
truncation rods (CTR) measurements (see section 4). In Fig. 6.25, three L-scans along the
niobium (20L), (11L) and (02L) CTRs for the Nb(110) surface oxidized in air (6 and 10h,
RT) are presented. The reflections are indexed within the Nb(110) surface coordinates'®.

The data were recorded close to the critical angle in order to maximize the signal. The

I7Note that the XRR data measured after 670°C and presented in Sec. 6.7, can be fitted as well with a
two layer model, including a NbO layer of 24 A and a second layer of intermediate density between NbO
and Nb, referring to the NboO phase mentioned in the core-level results (not shown).

18See Fig. 6.13 and Sec. 6.3
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determination of the interfacial structure at the atomic level can be achieved by fitting a
calculated structure factor to the experimental data. This work is currently under progress.
Qualitative results, however, can already bring interesting information about the interfacial

behavior upon heating.

The interesting observation to make is that for low-temperatures treatments, namely
until < 200°C' the rods do not present major changes. This corresponds, as seen in section
6.2, to a range of temperatures where only slight rearrangement mainly between the NbyOs5
and NbQOy oxides occur, while the NbO layer, located at the interface with the underly-
ing substrate stays unchanged (see also section 6.3). This is consistent with a constant
interfacial structure. At 300°C though, the oxide layer was observed to reduce fully into a
NbO layer. Simultaneously, the rods features change drastically. An interference pattern is
observed corresponding to a reciprocal distance of AL = 0.5 in relative units. In the same
range of temperatures, the HRCLS results revealed the occurrence of a intermediate layer,
tentatively attributed to NboO phase, accompanied by an interstitial oxygen ordering.
Further analysis of the data should resolve the atomistic origin of the (11L) interference

patterns, and the full structural changes at the interface.
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Figure 6.25: Crystal truncation rod scans along the (20L), (11L) and (02L) Nb(110) rods (in
reciprocal lattice units of the Nb(110) surface unit cell). Top : after room temperature oxidation
during 6h in air, after heating at ~180°C (2h,UHV) and at 300°C (30min.,UHV). Bottom : after
room temperature oxidation during 10h in air, after heating at ~145°C (5h,UHV) and at 300°C
(30min.,UHV).
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6.5 From interstitial oxygen to NbO : mechanisms

Niobium monoxide was reported by different authors as the first oxidation step on clean
niobium surface exposed to oxygen atmosphere, under dry or atmospheric conditions (see
section 3.3.2). In addition, oxygen-induced quasiperiodic structures identified as NbO or
NbO precursor have been observed in various works after vacuum annealing at elevated
temperatures and attributed to interstitial oxygen segregation to the surface. The role
of interstitial oxygen in the oxide formation, often pointed out, is discussed here. In this
section, a possible path for the transformation occurring at a critical oxygen concentration
from the interstitial oxygen to the NbO oxide is proposed, where the monoxide forms on
the base of the distorted niobium environment induced by the interstitial oxygen atoms in

the niobium lattice.

As already mentioned, niobium exhibits an intrinsic instability in the [111] direction
toward the w-phase, manifested in the deep minimum of the phonon dispersion curve at
Q) = %(1, 1,1)(27/apee). The strong oxygen-induced local distortions in niobium couple
to this anisotropic softness of the lattice, such that single oxygen impurities in niobium
are nuclei for the local formation of trigonal w-phase embryo, embedded into the natural
bee lattice [22] (see section 3.2). Fig. 6.26 represents the Nb(110) bce lattice, with both
bulk bee and (110) surface unit cells. A series of (111) planes, normal to the surface are
shown (green). The strong local distortions induced by an isolated oxygen atom located on
octahedral site, are schematically represented by the Kanzaki forces (arrows), as discussed
in section 3.2. The w phase, as we already described, is obtained by collapsing one pair
of (111) planes of the bec lattice to their intermediate position, leaving the next plane
unaltered, collapsing the next pair, and so on, as illustrated in Fig. 6.26. For oxygen in
niobium the rumpled trigonal w phase, corresponding to a partial collapse of the planes is
observed [22].

Different core-level spectroscopy studies report the existence of the NbyO phase from
extrapolation of the relationship between the valence of niobium oxide states and the corre-
sponding chemical shift. Nb,O is reported after prolongated annealing at low temperatures
or, as we observed in this chapter, after annealing at elevated temperature (in our case at
300°C and 800°C). However, few information are available in literature about the structure
of this “phase”. One work from Brauer and Miiller [134] has characterized what they called
the NbyO structure by XRD, suggesting the occurrence of a tetragonal phase directly re-
lated to the niobium bce lattice, where oxygen atoms order themselves along preferential
directions, namely occupying only the x and y interstices. This structure is illustrated in
Fig. 3.8. The presence of the Nb,O phase, between the niobium bulk and NbO, suggests
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Top view

- NN

Figure 6.26: Top: Nb(110) surface unit cell and for indication bec niobium unit cell. Lattice
distortions in the local neighborhood of an interstitial oxygen located on an octahedral site (red)
and Kanzaki forces f; around it. The oxygen-induced displacements of the (111)p.. planes (green)
along the [111] direction corresponding to the w-phase nucleation are indicated. Shaded red atoms
: oxygen atoms on z, y octahedral sites suggested for the NbyO structure [134] (see text for details).
Bottom : Top view of the two first atomic planes of the Nb(110) surface (snd plane in shadow) and
the (111)p. planes (green). The strong local distortions of the niobium lattice around interstitial
oxygen atoms are indicated for two oxygen atoms 1 and 2. The relative displacement of two on
three [111] planes along this direction are indicated.
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an intermediate state in the oxidation process. In Fig. 6.26, faded oxygen atoms indicate
the possible arrangement of one NbyO unit cell, with one third of the x — y interstices
occupied, as found in the structure of Brauer. Assuming similar distortions as for random
defects, a top view of the lattice distortions induced by two oxygen atoms (labeled 1 and 2)
located in two subsequent layers is shown in Fig. 6.26 (bottom). The in-plane distortions
around the oxygen atoms involve a transformation toward an hexagonal symmetry and
similar displacements to those needed to distort the bce niobium lattice into the fce NbO
structure. The epitaxial orientation relationship of NbO with respect with the underlying
Nb(110) substrate has been determined in section 6.3 as Nb(110)[001]||[NbO(111)[110] for
different thermal treatments after atmospheric oxidation. The top view of two subsequent
Nb(110) and NbO(111) planes are compared in Fig. 6.27. The displacements of the nio-
bium atoms required to go from one structure to the other one are indicated. This includes
lateral enlargement from 4.667 A to 5.16 A and an increase in the top and bottom angles
from 110° to 120°. The corresponding in-plane displacements along [110] are u} ~ 0.56
A and uy ~ 0.3 A. For comparison, the displacements of bulk niobium atoms in the local
neighborhood of an oxygen impurity associated to the nucleation of the w-phase, are given
in Tab. 3.1. The projection of u; and uy in the (110) plane and perpendicular to it are
equal to 0.297 A and 0.09 A respectively.

The ABAB ... stacking sequence observed in Nb(110) bee and the ABCABC ... fcc
stacking observed in NbO are presented in Fig. 6.28. Only the niobium atoms are pre-

sented for the NbO structure, for clarity reasons. The d—spacings between subsequent

0 G238
O«
—_—
/u u"2
Nb
W *’un1
\ w \
4 = Figure 6.27: Top view of in-plane oxygen-induced defor-
%@:A mation from the Nb bce to the NbO hexagonal lattice. The
% required atomic displacements are indicated by arrows.
NbO
W
L
W
il 2o




6.5 From interstitial oxygen to NbO : mechanisms 97

niobium planes in the direction normal to the surface are rather similar for Nb(110) and
NbO(111), with 2.33 A and 2.43 A respectively. The transition between both stacking
can be understood as following. Let’s assume that two subsequent planes, in blue and red
in 6.28 stay unmoved, besides the hexagonal in-plane deformation described above and
illustrated in Fig. 6.27. Shearing every third layer in turn, once to the left (P2 plane)
and once to the right (P1 plane), from the bridges toward the hollow sites, reproduces the
NbO stacking. This is illustrated in the right panel of Fig. 6.28. The P, plane of the NbO
structure, shifts from the red bee plane position to the left, from the bridges to the hollow
sites. While, the P, plane shifts from the blue bce plane position to the right, from the
bridges to the hollow sites.

According to [73], the initial incorporation of subsurface O is the “bottleneck” in the

oxidation sequence of transition metals, acting as a metastable precursor to the formation

BCC

‘\V‘_—_V P2 A BCA..

Figure 6.28: Left : Stacking sequences of the niobium atoms in the Nb(110) bcc ABABA...
and in the fce-like NbO(111) ABCABC'.... The oxygen atom planes, which alternate with the
niobium planes, are omitted in the NbO structure for clarity reasons. The corresponding lattice
spacings between successive niobium planes normal to the surface are indicated. Right : top view
of both stacking sequences. The atomics movements associated to the P1 and P2 planes along
the [110] direction, for a transition form the bee to the fee stacking, are represented by arrows.
The in-plane deformation of the red and blue planes are described in Fig. 6.27.
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of the final oxide structure. Based on theoretical considerations, the stability of subsurface
oxygen was shown to depend strongly on the lattice deformation cost. This implies corre-
lations between the oxidation behavior and properties such as the cohesive energy or bulk
modulus.

The process described in this section can be summarized as follows. In the first stage
the interstitial oxygen atoms dissolved in small amount into niobium act independently
from each other and are randomly distributed on octahedral interstitial sites. Due to
the intrinsic instability of the niobium lattice in the [111] direction to which the strong
local oxygen-induced distortions couple, each single oxygen impurities are nuclei for the
formation of the w-phase. The atomic displacements around each defect associated to
the w-phase act as precursor for the formation of the hexagonal symmetry of NbO. At
some point, as the oxygen concentration increases, the oxygen atoms start to interact with
each other, which leads to the formation of ordered oxygen superstructure. The NbyO
structure proposed by Brauer involves a layering of the oxygen atoms in alternation with
niobium atoms in the [110] direction, similar to the one observed in the NbO structure. A
chemical shift corresponding to the presence of a NbyO species at the interface between
NbO and niobium has been observed under different conditions in the high-resolution
core-level spectroscopy results discussed in section 6.2. Ordered layering of interstitial
oxygen has been reported in Nb(110) films oxidized in air at temperature ~ 300°C by
mean of X-ray diffraction (through the shift of the Bragg niobium reflection due to the
lattice expansion and superstructure reflections) [15]. The ordered structures observed
in niobium thin films present the alternation of niobium and oxygen planes of the NbyO
and NbO(111) structures. In the final step of the oxidation process described here, the
lattice gets saturated at a critical oxygen concentration, and metal-oxygen bounds are
formed leading to the appearance of the oxide. The bece to fece transformation occurs as a
combination of shear and strain described in Fig. 6.27 and 6.28. Note that the alternation
of niobium and oxygen planes in the [110] direction is characteristic of the ordered defective
rock-salt structure of NbO, which can be seen as a three dimensional network of niobium
octahedra with strong metal-metal bonding, and to which the remarkable properties of

NbO such as superconducting properties have been attributed [122].
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6.6 Summary

In this chapter, the natural oxide layer on Nb(110) single crystals oxidized under RT
atmospheric conditions and its progressive dissolution upon vacuum annealing have been
investigated by means of X-ray reflectivity (XRR), high-resolution core-level spectroscopy
(HRCLS) and grazing incidence X-ray diffraction (GIXD). All measurements have been
performed with synchrotron radiation. The XRR and GIXD measurements have been
carried out at the MF-MPI beamline at the synchrotron ANKA, Germany. The HRCLS
measurements were realized on the beamline 1311 at the synchrotron source Max-Lab II,

Sweden.

In sections 6.1 and 6.2, XRR and HRCLS results on the natural oxide and its ther-
mal dissolution have been presented. The natural oxide layer formed on Nb(110) single
crystals oxidized in air (6-10h, RT) presents a layered structure, constituted of NbyOsp,
NbO;y and NbO, from the surface to the interface. After heating at 145°C (3-5h, UHV),
minor changes are observed in the total oxide thickness, while the highest oxidation state
of niobium NbsOjs, predominant in the natural oxide, reduces to NbOy. The reduction
process takes place at the interface between both oxides. The NbO layer, as well as the
structure of the metal/oxide interface, stay at this temperature unchanged. Above 300°C,
the oxide layer dissolves considerably and both Nb,Os and NbO, reduce into the lowest
stable oxidation state of niobium, NbO. These results are illustrated in Fig. 6.29. Each
step of the conversion from NbyO5 to NbO,y to NbO involves oxygen removal. The amounts

of oxygen released during the dissolution process has been calculated in section 6.2.3.

In section 6.3, in-plane and out-of-plane structural characterizations of the NbO oxide
layer by means of grazing incidence X-ray diffraction, and its growth simultaneous to the
overall oxide reduction aforementioned, are presented. The NbO layer presents epitaxial
relationships with the underlying substrate, where the NbO(111) planes are parallel to the
Nb(110) planes, and the in-plane directional relationship Nb[001]|||NbO|[110] corresponds to
the Nishiyma-Wassermann orientation. Evidence for the in-plane epitaxial relationship is
observed already in the natural oxide. The thin oxide layer is shown to be highly strained.
Coexistence of the Kurdjumov-Sachs and Nishiyma-Wassermann orientations is observed

for measurements realized at higher temperatures ( 1700°C).

A qualitative description of the interfacial structure behavior upon heating is given in
section 6.4. The results indicate that the metal/oxide interface stays nearly unchanged
for low-temperatures heating (145-180°C,UHV). While, drastic changes are observed at
300°C. A quantitative analysis of the CTR measurements allowing to resolve the atomic

interfacial structure is planned in a near future.
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Figure 6.29: In this chapter, the natural oxide layer on Nb(110) single crystals oxidized under
RT atmospheric conditions, and its progressive dissolution upon vacuum annealing has been in-
vestigated. A depth-resolved analysis of the interstitial oxygen profile below the interface will be
presented in chapter 7.

In section 6.5, the transformation that occurs from the oxygen-induced w-phase ob-
served for randomly distributed defects into niobium, toward the NbO defective rock-salt
structure, reported as first oxidation step on niobium surfaces by various authors, is dis-
cussed. A transformation path is proposed, involving the precursor role of niobium suboxide
species assigned in a first attempt to NbyO.

As, it is known that niobium does not release oxygen in UHV below 1600°C |57, 68|,
oxygen liberated by the oxide dissolution described above necessarily gets dissolved into
niobium across the niobium /oxide interface. The depth-resolved analysis of the interstitial
oxygen profile below the interface, by mean of grazing incidence X-ray scattering measure-
ments of the oxygen-induced diffuse scattering, will be presented in chapter 7. Therewith,
a full picture of the near surface region of the natural oxide grown in air, and its behavior

upon vacuum annealing will be completed.



Chapter 7

Depth-resolved oxygen-induced diffuse
X-ray scattering in niobium

In this chapter, it is shown how grazing incidence diffuse X-ray scattering measurements
offer a non-destructive in-situ method to investigate the depth-distribution of subsurface
interstitial oxygen in niobium and its evolution upon thermal treatments with a nanometer
scale resolution. The basis of a comprehensive depth-resolved oxygen-induced diffuse X-
ray scattering analysis, together with the fitting routine developed within this work, are
presented in section 7.1. In section 7.2, experimental results obtained on Nb(110) single
crystals oxidized in air are discussed. The determination of the different contributions to
the experimental data lineshape is discussed in 7.2.1. The temperature evolution of the
data for a fixed depth, which brings qualitative information about the subsurface interstitial
oxygen behavior upon heating, is investigated in section 7.2.2. Finally, the quantitative
depth-profiling of the absolute oxygen concentration is reported in 7.2.3. The results are
summarized at the end of the chapter.

The diffuse X-ray scattering measurements presented here were performed subsequently
to the X-ray reflectivity and grazing incidence X-ray diffraction measurements discussed in
chapter 6. A complete picture of the near surface region upon vacuum annealing is therefore
achieved combining the respective results of both chapters, the oxidation behavior from
chapter 6, and the interstitial oxygen distribution evolution underneath the oxide layer in
the present chapter.

The measurements presented in this chapter were carried out at the MPI-MF beamline
at the Angstromquelle Karlsruhe (ANKA), Germany [186], at a photon energy of 8.984 keV,
on a Nb(110) single crystal oxidized under atmospheric conditions (beamtime A4). The
method developed in this work can be generally applied to any further surface preparation.
Results obtained under other preparation conditions on Nb(110) and Nb(100) surfaces will
be shortly described in chapter 8.
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7.1 Depth-resolved grazing incidence diffuse X-ray scat-
tering

For the unambiguous monitoring of subsurface interstitial oxygen one exploits the fact
that interstitial oxygen, which occupies octahedral sites in the niobium lattice, gives
rise to strong local distortions of the host lattice. These distortions have been shown
to couple to the intrinsic instability of the niobium bcc lattice toward the w-structure,
thereby producing pronounced maxima of the distortion-mediated diffuse X-ray scattering
at Q% pee = %(1, 1,1). This has been evidenced, as discussed in sections 3.2 and 4.2.1, in a

neutron scattering study for dilute solutions of oxygen in niobium bulk [22].

In this chapter, it will be demonstrated that the monitoring and quantitative analysis
of the aforementioned diffuse maxima at Q* by grazing incidence diffuse X-ray scattering
provides a detailed picture of the emergence of interstitial oxygen in the near surface region

of niobium.
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Figure 7.1: Left: Schematic view of the Nb(110) surface oxidized under ambient conditions,
its natural layered oxide and subsurface interstitial oxygens. For comparison, the penetration
depth of the rf field is shown. Rigth: Strong local distortions of the niobium lattice in the local
neighborhood of interstitial oxygen (octahedral site) [22]. Coupled to the common instability of
the bee lattices in the [111] direction, these distortions give rise to domains of the trigonal w-
phase, thereby producing pronounced maxima of the distortion-mediated diffuse X-ray scattering
at Q¥ = 3(1,1,1) [22]. Bottom : Reciprocal in-plane map of a Nb(110) surface in surface
coordinates, the circles locate the interstitial oxygen-induced diffuse scattering at Q*:%(l, 1,1)
and equivalent positions (see text for details).
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It is important to stress that using grazing incidence diffuse X-ray scattering to mon-
itor the depth-distribution of subsurface oxygen is definitely a nonstandard technique. A
comprehensive method based on the distorted-wave Born approximation (DWBA) formal-
ism! and the fitting routine have been developed within this thesis and are presented in
the following of this section. The theory and underlying concepts have been introduced in

section 4.3.2.
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Figure 7.2: (a) Reciprocal in-plane map of the Nb(110) surface and location of the theoretically
expected oxygen-induced diffuse scattering intensity at Q*bcc:%(l, 1,1) and equivalent positions
(open circles). Color map : experimental meshscan of the Nb(110) single crystal oxidized in air
taken for a scattering depth ~ 150 nm. (b) Experimental curve measured along the [111] direction
(open squares) for a scattering depth of ~ 10 nm, and theoretical contributions of the oxygen-
induced diffuse scattering (solid line) and thermal diffuse scattering (dashed line) (see text for
details). The data were corrected for the polarization factor, and the background substracted.

The first experimental in-plane meshscan of the diffuse scattering originating from
interstitial oxygen dissolved in the near surface region of a Nb(110) single crystal oxidized

few hours in air, measured around Q;,;,;, = %(1, 1,1), is shown in Fig. 7.2. The relevant

1Since the niobium crystals are mosaic a kinematic description of the experimental results is applicable
here.
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information depth for the surface sensitive measurements is the scattering depth A, defined
in (4.48). The scattering depth is controlled by both the incidence and the exit angle. The
data presented in Fig. 7.2 have been measured at an incident angle o; = 0.5° and ay =
0.6°, which corresponds to a scattering depth of ~ 150 nm. A sketch of the reciprocal
in-plane map of the Nb(110) surface is illustrated around the meshscan, including the
first Brillouin zones and the locations of the oxygen-induced diffuse intensity at the Q*
equivalent positions. The map is plotted in the Nb(110) surface coordinates described in

section 6.3.

One can easily understand the difficulties involved in the determination of an absolute
oxygen depth-distribution, knowing the complexity of the system under consideration. In
chapter 6, the structure of the natural oxide layer on Nb(110) surfaces oxidized in air
has been discussed in detail. From these results, one knows that a multilayer system of
niobium oxides is present at the surface which has to be fully accounted for in the model
developed here. The presence of the oxide layer at the surface has two major implications
on the measured intensity. One of them is its influence on the optical properties of the
surface, which determines the evanescent wave profile into the material, crucial for the
determination of the depth-profile of the interstitial oxygen atoms into the material. This
point is discussed later in section 7.1.2. The second concerns the contribution of the oxide

structure factor to the total signal.

In this chapter, linescans of the diffuse X-ray scattering intensity measured along the
in-plane [111], ,, direction will be analyzed as illustrated in Fig. 7.2 (b). In this figure
the lineshape of an experimental scan is compared to the theoretical curve of the oxygen-
induced diffuse X-ray scattering calculated, as described in section 4.2.1, for an arbitrary
concentration including the TDS contribution. As mentioned before, the theoretical struc-
ture factor of the diffuse scattering has been calculated by R. Kurta in the framework of
his PhD thesis [164]. The first remark to do regarding the theoretical and the experimental
curves (after correction for the polarization and substraction of a background) in Fig. 7.2
(b), is the remarkable agreement of the main features, i.e. the two oxygen-induced diffuse
maxima at Qf.. = 2(1,1,1) and 3(1,1,1). Aside the characteristic footprint of the inter-
stitial oxygen at the Q* maxima, however, shoulders occur in the intensity profile at the
left side of each maxima. It will be demonstrated in section 7.2.1 that these features are

due to the natural oxide layer present at the sample surface.

Another difficulty to stress is related to the determination of the absolute concentration
in oxygen, in the absence of clean surface measurements available as reference. In order to
deal with this situation, our knowledge on the absolute ratio between the oxygen-induced

signal and the TDS signal will be exploited. This is described in section 7.1.1.
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7.1.1 Absolute oxygen concentration profile

Any kinematic scattering intensity Igrxs observed near the condition of total external

reflection can be expressed from Eq.(4.45) as,
Iaxs(Q') o< |TP|T¢* S(Q) (7.1)

where T ; are the transmission coefficients for the incident and exit beam, and S(Q’)
the structure factor of the scattering process under consideration. The prime designates
quantities inside the material. In our case the structure factor S(Q’) includes, as mentioned
before, contributions from the oxygen-induced diffuse scattering, the TDS and the oxide

structure factors, so that

S(Q') = Sar(Q') + Stps(Q’) + Soxides(Q) (7.2)

Taking into account expressions 4.15 and 4.51, and dividing the scattering vector Q’
into the in-plane component () and the normal component @’,, the oxygen-induced diffuse

scattering structure factor Sgg(Q’) is given by,

o)

San(Q). QL) o 5b(Q)) / e(2)(1 - of2) |/ dz (7.3)

*

where Sp(Q)) is the in-plane structure factor of a single defect defined in section 4.2, and
¢(z) the interstitial oxygen concentration profile along the surface normal into the material.
The @.-dependence of Sp has been neglected in expression (7.3) (see discussion below).
Within this approximation, the depth-dependence of Sy is directly given by the Laplace
transform of the oxygen concentration profile ¢(z), with respect to the scattering depth
A. Keeping in mind that the scattered intensity originates from the interstitial oxygen
atoms dissolved into the niobium lattice below the oxide layer, the integration has to be
performed only from 0* = ox, where ox is the total oxide layer thickness.

It is important, while interpreting depth-resolved spectra, to keep in mind the definition
of the scattering depth A. Relevant length, as mentioned before, describing the grazing
incidence intensity, the scattering depth is defined as the depth for which the scattered
intensity is reduced to 1/e, with A\ = Im/(Q’,)~!. Therefore, as shown by Eq. 7.3, the signal
measured at a given scattering depth A carries much more information than what comes
from this depth itself. Oxygen atoms dissolved much deeper into the niobium bulk will,
although their contribution is strongly damped by the exponential decay of the wave field,
always contribute to a certain extend to the signal measured for a scattering depth close
to the metal /oxide interface.

The main DWBA quantities encountered in Eq. 7.1 and 7.3 are illustrated in Fig. 7.3

(a-e) for a niobium surface, as a function of «;/a, and different ay. The real part of the
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normal component of the scattering vector within the sample Re(Q),), is plotted in Fig. 7.3
(a). The scattering depth A is shown in Fig. 7.3 (b). The totally incoherent scattering, i.e.
with no @-dependence, is illustrated in Fig. 7.3 (d). The Fresnel transmission coefficients
for the incident and exit beam T;; are plotted in Fig. 7.3 (e). These quantities are
important and will often be referred to in the following.

The second term of the structure factor in Eq. 7.2 is assigned to the TDS contribution
to the signal. If one neglects the @),-dependence of the thermal diffuse scattering (see the
discussion below), Stps(Q’) is given from Eq.(4.45) by

Stps(Qy, QL) = Stps(Qy) /OO \B_Z/Af dz (7.4)

ox
2 ox

ox Ae™ 2 (7.5)

where Stpg(Q)) is the in-plane component of the TDS structure factor given in section
4.2.2, and oz the oxide thickness.

The exact oxygen-induced diffuse scattering and TDS structure factors are theoretically
calculated as described in section 4.2. Their ().-dependence is illustrated in Fig. 7.4. The
range of depths under interest for the measurements described in this work is indicated.
In a first approximation, one sees that the signal can be considered as constant for small
(. values. This give rise to the simplified expressions 7.3 and 7.5. The decay associated
to the last depth scanned is, however, corrected by a scaling factor in order to account for
the strong decrease in intensity and not to lead to a wrong interpretation of the oxygen
concentration.

Fig. 7.5 illustrates the in-plane components along the [111]y, direction of the oxygen-
induced diffuse scattering structure factor Sgir(Q)) for different homogeneous oxygen con-
centrations, and of the room temperature TDS structure factor Stpg(@)). The coordinate
of the scan are in bulk units (remember that the [111]y,; direction lies in the surface plane
of the Nb(110) surface). Both contributions are calculated in absolute electron units, and

the ratio of their respective intensities is given by

Ssingle defect (@)
STDS(QH)

where ¢, is defined as an average homogeneous oxygen concentration for a given scattering

R(A) = Ioir _ eall = cp)

— 7.6
Itps (7.6)

depth A.The absolute ratio between the oxygen-induced diffuse scattering and the TDS
intensity can therefore be seen as the ratio of their in-plane components, which is known
from the theory, multiplied by an average oxygen concentration for the considered depth.
This result is of first importance since it will serve to determine the common scaling factor

of the diffuse and thermal diffuse scattering between the calculated value in absolute units
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Figure 7.3: DBWA scattering quantities as a function of a;/a. for various scattering angle oy
in niobium. (a) Real part Re(Q’,) of the z component of the momentum transfer @, within the
sample. (b) Scattering depth A = |[Im(Q’,)|~! in pure niobium (Eq. 4.48). (c) Evanescent Bragg
scattering law from the Nb(110) surface (Eq. 4.50). (d) Evanescent incoherent scattering law (Eq.
4.51). (e) Niobium Fresnel transmission coefficients.
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Figure 7.4: Q.-dependence of the oxygen-induced diffuse scattering for an average oxygen con-
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Figure 7.5: Theoretical curves of the oxygen-induced diffuse scattering along the [111] direction
for different homogeneous oxygen concentration in the bulk and bulk TDS at room temperature.

and the data point for the fitting procedure, and thereby allowing the determination of the

absolute oxygen concentration into niobium.

The surface imperfection and the detector acceptance have to be taken into account for
the calculation of the expressions of the depth-dependence of the diffuse intensity and the
TDS, this point is discussed in section 7.1.3.
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7.1.2 Oxide influence on the optical factors

The presence of different oxide layers at the surface of the sample, with different optical
properties, influences the penetration of the evanescent wave into the material, and thereby

the scattering depth A. For a material m, one has from Eq. 4.48,

A
Aoy f) = ———— 7.7
) Bl T e
where A is the wavelength of the incident beam, and
1/2

(Lif)m = 2-1/2 {(25m — gin? ai,f) + [(sin2 o, f — 25m)2 + 4@31] 1/2} (7.8)
The dispersion 6,, and absorption parameter f3,, of the different niobium oxides are sum-
marized for A =1.377A and the different niobium oxides in Tab. 7.1.

Fig. 7.6 (a) illustrates the exponential decays e */Am of the evanescent wave into
niobium and its different oxides. The higher the oxidation state of niobium is, the higher
the corresponding scattering depth is, for given incident and exit angles. Taking into
account the different decay lengths into each oxide layers and continuity conditions at
the interfaces, one can define an effective scattering depth Agg. This is illustrated in Fig.
7.6 (b) in the case of the natural oxide layer observed at Nb(110) surfaces. The effective
scattering depth, defined as the depth where the intensity is reduced to 1/e, is a function of
the thicknesses of the different oxide layers. The Laplace transform over the z component

in the expression of the scattered intensity in Eq. 4.50 or Eq. 4.51, can be decomposed in

Ozl =z Ox2 oz
L(AEff) = (Z) e A-Nb205 dZ + Al (Z) e ANb02 dZ
0 Ozl
Ox3 p 00 s
+ Ay (2) e Awvo dz + Aj f(z) e Ao dz (7.9)
Ox2 Ozx3

where Ox; 23 are the thicknesses of the NbyO5, NbOy and NbO oxide layers respectively,
f(2) an arbitrary function, and A; the scaling factors obtained from the continuity con-

ditions at the respective interfaces. The exponential decay of the evanescent wave into

0 g
NbyO5 | 1.08 x 1075 0.38 x 107°
NbO, | 1.38 x 107° 0.51 x 107°
NbO | 1.67 x 1075 0.72 x 10~°
Nb 1.9%x107° 0.98 x 107

Table 7.1: Dispersion and absorption parameters, § and 3, for niobium and its oxides for a
wavelength A = 1.377 A.
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Figure 7.6: (a) Exponential decay of the evanescent wave in niobium and its different oxides for
a given incident and exit angle. For given incident and exit angles, the higher the oxidation state
of niobium is, the higher the decay length is. (b) Taking into account the different decay lengths
in each oxide layer and applying continuity conditions at the interfaces, a new profile is defined
as well as a corresponding effective scattering depth Agg.

niobium underneath the oxide layer, which is relevant for the interstitial oxygen profile

determination can be exactly expressed by e~(*=%0)/Axb 5o that

z2—20

Lexide(Agg) =/ f(z) e Ao dz for 2 > ox (7.10)

where ox is the total thickness of the oxide layer, and zo(Agg) is determined by the con-
tinuity conditions at the different oxide interfaces and the respective thicknesses of the
oxides layers, as illustrated in Fig. 7.7. This is important for the data analysis described
in section 7.1.4, where an analytical form of the exponential decay of the evanescent wave

is required for the fitting function.

In section 7.2.1, the NbO, and NbO oxide contribution to the individual lineshape
of the diffuse scattering, i.e. the in-plane features of the data, will be discussed. The
depth-dependence, on the other hand, of these contributions is evaluated here. Each oxide
contributes to the expression 7.9 only over the z range corresponding to its thickness, for

example NbQOs, is different than zero for Ox; < z < Oxs. If one neglects the ).-dependence
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Figure 7.7: Exponential decay of the evanescent wave into niobium below the oxide layer.

of the oxide structure factors, one can write following Eq. 4.51,

2
dz (7.11)

Ox2 z

e ANbo,

]NbOg(ai) X Al SNbOQ(Q”) /

Ozx1

where Snpo, is the in-plane component of the structure factor of the oxide. The exponential
decay of the evanescent wave through the oxide layer is illustrated for different incident
angles and a fixed exit angle in Fig. 7.8. The depth-profile of the NbO, and NbO intensity
as a function of the incident angle are plotted in Fig. 7.8. Their evolution can be understood
qualitatively from the sketch in Fig. 7.8 (b). The intensity of the NbOs component is given
by the blue area, which increases with the angles until it reaches a saturation plateau
above the critical angle. The amount of Nb material contributing to the signal, as for it,

is increasing proportionally to the scattering depth Agg plotted for comparison in Fig. 7.8

(b).
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Figure 7.8: (a) Exponential decay of the evanescent wave for different incident angles and a fixed
exit angle (ay = 1°). The intensity of the NbOy component, as an example, is pictured for a given
angle by the blue area. (b) The intensity of the NbOg and NbO oxides peaks is increasing with
the incident angle before reaching a saturation plateau above the critical angle. The amount of
niobium material contribution to the signal as for it, is increasing proportionally to the scattering
depth Agg.
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7.1.3 Surface waviness and detector acceptance

Depth-controlled grazing incidence scattering studies, as mentioned before, require well-
defined incidence and exit angles («a; r). This necessitates that the surface investigated is
atomically smooth and macroscopically flat on the scale of the critical depth. The waviness
of the surface (deviation from the surface normal) can be checked by the angular width of a
rocking scan? on the specular reflected beam, as illustrated in Fig. 7.9 for (o = oy = 0.5°),
and the corresponding waviness Ang =0.07°. The alignment of the surface, its structural
and optical properties can be checked via grazing incidence Bragg scattering measurements
and be used later on for the diffuse scattering analysis.

In the case of kinematic Bragg scattering with a pronounced @-dependence (remember
that one considers the Bragg planes perpendicular to the surface under investigation) the
semi-infinite kinematic sum for Bragg scattering is given by Eq. (4.50).

Fig. 7.10 shows the (002) grazing-angle Bragg scattering profile measured at room
temperature for the Nb(110) surface oxidized in air at RT during 10h. Note that the (002)
Bragg reflection refers to bulk coordinates, and lies in the surface plane of the Nb(110)
surface (see Fig. 6.12). The a; profile of the (002) Bragg intensity was measured at af /o, =
1.25. The asymmetric line shape of the data is characteristic of the evanescent Bragg
scattering as shown by the calculated profile of an ideal Nb(110) surface in the DWBA
(solid black line) (Eq. (4.45) and (4.50)). The maximum intensity is no longer obtained at
(). = 0 for an inplane bulk Bragg reflection as predicted from simple kinematical theory but
shifted to a; = a.. This is attributed to the action of the transmission function and, partly
to the scattering law itself (see Fig. 7.3 (c,e)). For angles < «., the Bragg condition is
fulfilled inside the sample because Re(Q’,) ~ 0. The amount of layers in (4.50) contributing
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Figure 7.9: Rocking scan measured at o; = oy = 0.5°. The width of the curve gives the waviness
of the sample along the illuminated surface.

2Rotation of the sample around the y-axis in the in-plane scattering geometry, at a fixed detector
position.
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Figure 7.10: Experimental «; profile of the Bragg scattering at the (002)py reflection (open
squares) and theoretical prediction from the DWBA theory for an ideal niobium surface (black
line) and including effects of surface waviness Ang =0.06°, a detector acceptance A of 0.4° and
p=2 dead surface layers (red line).

to the diffraction is defined by the scattering depth, therefore small at those angles and
increasing with the angle. When «; is increased above the critical angle however, Re(Q")
(see Fig. 7.3) becomes finite and the Bragg condition is no longer fulfilled.

The discrepancy observed between the measured and calculated intensity profiles can be
explained by the structural properties of the real surface such as the microscopic roughness,
dead-layers, misalignment of the Bragg peaks and the macroscopic waviness of the surface
Ang. To take into account these factors, the scattering intensity has to be averaged over

the associated variations of the incidence and exit angles Aq; ¢, such that

) ) 672pa/A
Iragg(c) o <|Ti| T W>a” (7.12)
where () . s expresses the convolution over the adequate «; and o distributions

I(cig, o) = //I(aio — a5 — op)w(Aag)w(Aay)doydoy (7.13)

where w(a; ) are weight functions [173].

In Fig. 7.10, the calculated curve taking into account the modified expression from
Eq. (7.12) is shown (red solid line) for surface waviness An, =0.06°, p=2 dead surface
layers (which can be attributed to the oxide layers at the surface), but also the detector
acceptance AS) = 0.4°, the agreement is good. Taking into account those parameters is
crucial for the diffuse scattering analysis discussed in the following. Indeed, the depth-

dependence of key parameters such as the transmission coefficients or the scattering depth
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is strongly affected by the convolution expressed in Eq. (7.12). Fig. 7.11 illustrates the
convoluted transmissivity of a niobium surface and the parameters aforementioned?. The
dashed curve represents the convoluted function, and the open squares indicate the data
points, i.e. the incident angles, at which the measurements presented in this work have

been performed.
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Figure 7.11: Transmission coefficients || |Tf|2 as a function of o;/a. with ay = 1°, for an ideal
niobium surface (solid line) and calculated for a surface waviness of Ang =0.06° and a detector
acceptance AQ = 0.4° (dashed line).

7.1.4 Fitting procedure

The diffuse X-ray scattering data are modeled by a function f;(x) that accepts the param-
eters vector x, expressed from Eq. (7.1-7.12) as,

fi(x) =z0+x1 . DWxy, . Spin(Q))- <|Ti‘2|Tf|2/

T

c(z,x)(1 — c(z,%)) |€_Z/A|2dz>( )i

+x1 . DWxp, . Stps(Q))- Stnc,j

+ 22 . DWxbo, - Sxb0s(Q))-Stuc,j

+ 23 . DWxbo - Snbo(@))-Stne,j

+ 21+ Scompton(Q])- Stej (7.14)

with

T

Sty () = (ITPITE [ e ) (7.15)
o (evi,f);

3The convoluted function has been normalized. The transmission profile converges to 1 at high incident
angles and high exit angles. For ay = 1°, however, this value is slightly superior to 1.
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fj(x) is function of the scattering depth, through a set of incident and exit angles («; f);.
The first term of the sum in (7.14) describes the oxygen-induced diffuse scattering, the
second the TDS, and the next terms two oxide contributions from NbOy and NbO (see
section 7.2.1). xg is the background and DW represents the Debye-Waller factor (section
4.2.2). The Compton scattering (section 4.4) Scompton(Q) has been included as material
dependent with the same incoherent ().-dependence as the TDS and the oxide layers, given
by Eq. (7.15). The scaling parameter x; is unique for the calculated oxygen-induced diffuse
scattering, the TDS and the Compton (section 7.1.1).

In order to extract the depth-profile of the interstitial oxygen from the grazing incidence
diffuse X-ray scattering, the whole set of data, i.e. including all spectra measured at
different incident angles, has to be fitted at once. The data are corrected for the polarization
and the active area factors (see section 4.4). The least-squares curve fitting is performed

by minimizing the function F'(x) with respect to the parameter vector x, with
min |72 = min 3"(f,(x) ~ ydata(a. ) (7.16)
J

where f;(x) is given by (7.14), and the summation performed on the incident angle (a;);
at which each individual linescan ydata(a;(;)) has been measured.

It is important to emphasize that the different contributions to the signal have to be
fitted at once for the relevance of the absolute oxygen concentration extracted from the
data. Indeed, a linescan at high angle (o; = 3°) (see Fig. 7.20) is dominated, as it will
be demonstrated later, by the feature of the TDS. The data measured at «; = 3° alone
would not be sensitive enough to the diffuse contribution from the oxygen. However, they
provide a key information as they determine the scaling factor z; in Eq. (7.14). And vice
versa the data measured at small incident angle are much more sensitive to the oxygen-
induced diffuse scattering contribution. This is illustrated in Fig. 7.12, where the maximum
intensity of the diffuse scattering data measured on the Nb(110) surface after atmospheric
oxidation are presented, as a function of a;/a. (section 7.2). The oxygen-induced diffuse
scattering intensity calculated for an arbitrary exponential concentration profile, and the
TDS contributions are shown. They are convoluted over the surface waviness An, =0.06°
and the detector acceptance AS) of 0.4°.

In this model the optical factors, namely the transmission functions and the scattering
depth of a clean niobium surface, have been used. The influence of the oxide layer at the
surface on the optical factors has been discussed in section 7.1.2. In the expression of the
evanescent field in Eq. (7.14) z has to be replaced by z* = z — z;. Note that z, is a
function of the incident and exit angles. The convolution in (7.14) is performed on the

angular distribution corresponding to a surface waviness An, = 0.06° as well as a detector
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acceptance AQ = 0.4°; as determined by the GIXD measurements (section 7.1.3). The
concentration profile for the subsurface interstitial oxygen atoms is assumed to follow a

general exponential decay form:
c(z,X) = x4 + w5~ FTT/ET L g (Emmo)/E0 (7.17)

where x4_19 are parameters to be fitted, x; represents the bulk concentration. An effective
decay length can be defined as the length where the concentration is reduced to 1/e.

In order to get an analytical expression of the oxygen-induced diffuse contribution in
(7.14) necessary for the first version of the fitting program, the oxygen-induced diffuse
scattering contribution in (7.14) was approximated by

[e.9]

<m|2nyyQ>ai’f/ (2 x)(1 — e(z,%)) [ /A dz (7.18)

oxr

The fitting parameters of the model presented here are reduced for the whole set of data,
i.e. minimum 72 depth-dependent spectra, to only: the scaling factors (3 parameters), the
width and positions of the oxide peaks (4 parameters), the oxygen concentration profile
(6 parameters) and a background. The non-linear least-squares fitting was realized using

the Isgnonlin function under Matlab [194]. Isqnonlin uses a large-scale algorithm which is
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Figure 7.12: Depth-profile of the maximum intensity of the diffuse scattering data measured on
the Nb(110) surface after oxidation 10h in air (RT), as a function of a;/a.. The oxygen-induced
diffuse scattering intensity calculated for an arbitrary exponential concentration profile, and the
TDS contributions are shown. They are convoluted over the surface waviness Ang =0.06° and
the detector acceptance A of 0.4° (see text for details).
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a subspace trust region method based on the interior-reflective Newton method described
in [195,196]. Each iteration involves the approximate solution of a large linear system

using the method of preconditioned conjugate gradients.



7.2 Results and discussion 119

7.2 Results and discussion

Depth-resolved diffuse scattering intensities have been measured along the in-plane [111]p,
direction, for the Nb(110) surface oxidized in air (10h, RT), after heating at 145°C (5h,
UHV) and at 300°C (50min., UHV) (beamtime A4). All measurements were performed
after cooling the sample down to room temperature (RT). The scattering depth was con-
trolled by tuning the incident angle «;, keeping the exit angle fixed at ay = 1°, as schemat-
ically plotted in figure 7.13 (a). A selection of diffuse X-ray scattering data is presented in
Fig. 7.13 (b).

Even though the scattering depth A can be controlled, as mentioned before, either by
tuning the incident angle «; either the exit angle oy, which is in theory strictly equivalent
(see section 4.3.2), the experimental conditions make an important difference. Since the
depth probed depends sensitively on the angle which is scanned, this parameter has to be
well defined. The low scattering cross-section of the broad diffuse scattering makes it nec-
essary to open the detector vertical slits to 6 mm. The corresponding angular acceptance
at the detector is too large to get any reasonable resolution from an exit angle scan. The
incident beam on the contrary is well defined with a divergence inferior to 10~ ?mradians.
The incident angle is defined to an accuracy better than 0.01 degree. We therefore probed
the depth in our measurements scanning «;. The exit angle was set at oy = 1° where the
transmission function is nearly constant. The vertical entrance slits were open to 0.3 mm.
The scattering depth can be varied from a minimum value which is only material depen-
dent Ayin ~ A/4ma,. and a maximum value that is basically determined by photoelectric
absorption and increases with a; up to several hundred of angstroms. For niobium A,,;,
is approximately 2 nm. For an exit angle ay = 1°, and the angular range of «; probed in
this work, scattering depths between 4 nm and 300 nm are investigated, as illustrated in
Fig. 7.13 (a).

The following of this section is organized as follows. A comprehensive description of the
individual lineshape of the data is first established in section 7.2.1. Additional components
to the diffuse scattering, assigned to oxides contributions, are identified. Their temperature
dependence and a qualitative description of the subsurface interstitial oxygen evolution
upon heating is discussed in section 7.2.2, for a fixed scattering depth. At the end of this
section 7.2.3, the absolute interstitial oxygen concentration profiles will be extracted from
the sets of data presented in Fig. 7.13, for the data measured after atmospheric oxidation,
and after heating at 145°C. The least-square curve fitting is performed exploiting the

method and fitting routine described in the previous section.
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Figure 7.13: (a) Scattering depth A as a function of the incident angle «;, for a fixed exit
angle ay = 1° and a wavelength A = 0.137 nm. Schematic view of the penetration depth into
the material as a function of a; in the grazing incidence geometry. (b) Grazing incidence diffuse
X-ray scattering data for selected scattering depths after atmospheric oxidation of the Nb(110)
single crystal, after heating at 145°C (5h,UHV) and at 300°C (30min.,UHV). The incident angle
is varied, the exit angle is fixed at 1° (wavelength = 0.137 nm). The data have been corrected for
the polarization factor (see text for details).
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7.2.1 Oxide contributions to the individual lineshape

All diffuse scattering data plotted in Fig. 7.13 (b) exhibit two characteristic maxima at
Q*bcczg(l, 1,1) and %(1, 1,1), signature of the emergence of interstitial oxygen in the near
surface region of niobium. In order to fully account for the lineshape of the individual
spectra it is however obvious that additional contributions to the oxygen-induced diffuse
structure factor, and to the room temperature TDS, are needed. Two shoulders around
H =0.55 and H = 1.1 (r.l.u.), are visible. In this section, these contributions are shown
to be assigned to the natural oxide layer present on the Nb(110) surface. Their influence
on the determination of the oxygen depth-profile, discussed at the end of this chapter, is
clarified.

Fig. 7.14 shows the decomposition of the diffuse scattering intensity measured on the
Nb(110) surface after atmospheric oxidation for incident and exit angles o; = 0.31° and
ay = 1°, which corresponds to a fixed scattering depth of ~10 nm. All data presented
hereafter are corrected for the polarization factor. The in-plane data have been fitted using
the calculated structure factors for randomly distributed oxygen interstitials and thermal
diffuse scattering, described in section 4.2. The absolute oxygen concentration determines
the ratio in between these two contributions. This point has been discussed in detail in
section 7.2.3. The fitting function includes the thermal Debye Waller factor, the Compton
scattering (see section 4.4), and, three additional components reproducing the shoulders
at H =n x 055 (2 7/a) withn = 1,2,3. Forn = 1, Q = 1.82 A~! corresponds to
a d—spacing of 3.45 A. This is compatible with the NbO, (400) reflections of the low-
temperature distorted rutile structure of NbOy described in section 3.3.4. The two first
order NbO2(400) and (800) reflections are needed to fully reproduce the lineshape of the
spectrum. However, the data are not sensitive to the third order (12 0 0) reflection. The
respective intensities of the NbO, reflections are taken from the calculated structure factor
given in [129], attenuated by the NbO, thermal Debye Waller factor.

The natural oxide layer on the Nb(110) surface oxidized under atmospheric conditions
has been characterized in chapter 6, together with its behavior upon thermal treatments.
The attribution of the signal observed around Q = 1.8 A~! to NbO, reflections is consistent
with what has been observed after heating the sample at 300°C (see section 6.2.3), i.e. the
dissolution of the NbOs layer. Fig. 7.15, shows the decomposition of the diffuse scattering
intensity measured after heating at 300°C, for identical incident and exit angles as above,
a; = 0.31° and ay = 1°. In section 6.2.3, the reduction of the oxide layer after heating
at 300°C into NbO was observed. In agreement with this observation, one can see in Fig.
7.15 and 7.16, that the intensity around H = 0.55 (r.l.u) clearly vanishes after heating at

300°C. Complementary measurements of other NbO, reflections as well as an out of plane
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Figure 7.14: Grazing incidence diffuse scattering data measured along the [111] direction for
the Nb(110) surface oxidized 10h under atmospheric conditions at a scattering depth of ~ 10 nm
(open squares) and fit (solid line). The data were corrected for the polarization. The fitting func-
tion includes : oxygen-induced diffuse scattering at the Q*bcc:%(l, 1,1) and %(1, 1,1) positions,
thermal diffuse scattering, and components attributed to the NbOg (400) and (800) and (1200)
reflections (filled curves) (see text for details).

characterization would be appropriate in order to determine the structural relationship of

the NbOy with respect to the underlying substrate but have not been performed yet.
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Figure 7.15: Grazing incidence diffuse scattering data measured at RT after heating at 300°C
(50min.,UHV) (open squares) and fit (solid line). The data were corrected for the polariza-
tion. The sharp contribution that dominates the profile, besides the oxygen induced diffuse
scattering and the thermal diffuse scattering, is attributed to the (022) reflection of an epitaxial
NbOfce(111) /Nbypee(110) layer (filled curves) (see text for details).
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Simultaneously to the dissolution of the NbO, layer at 300°C, and the vanishing of
the corresponding shoulders in the signal, a new sharp contribution appears in the scan
at H = 1.22 (r.l.u). The crystalline structure of the remaining oxide at this temperature,
NbO, and its epitaxial relationships with the underlying niobium substrate, have been
characterized in detail in section 6.3. The sharp component observed in Fig. 7.15 is
accordingly to those results assigned to the tail of the (022) NbO reflection (see also Fig.
6.14). Note that even though the existence of a thin NbO layer at low temperatures has
been mentioned in the last chapter, the corresponding reflection is too weak to contribute
significantly to the diffuse scattering intensity.

As already mentioned, mixed hkl reflections, such as the NbO(011), are forbidden for
the rock salt structure. This allows us, to distinguish the NbO reflections from the oxygen-
induced diffuse scattering, and to fit the intensity of the latter on the Q*bcczg(l, 1,1) peak,
as illustrated in Fig. 7.15.

All necessary components needed to describe the individual lineshape of the data pre-
sented in Fig. 7.13 have now been identified. The influence of the oxide layers at the
surface, and the depth-dependence of their contribution to the diffuse scattering data has

been discussed in section 7.1.2.

7.2.2 Temperature evolution at a given depth

In the previous section, the influence of the oxide layer at the Nb(110) surface on the
individual lineshape of the diffuse scattering data has been discussed. One more point will
be examined before proceeding to the depth-resolved data analysis, and extract the absolute
oxygen concentration profile (section 7.2.3). The evolution of the diffuse scattering data,
at a fized depth, upon heating is discussed in this section. Constraints on the evolution of
the different fitting parameters upon the thermal treatments are discussed. The relative
evolution of the average concentration of subsurface oxygen over the probed depth upon
heating is determined.

Fig. 7.16 shows the temperature evolution of the diffuse scattering data measured a
fixed o; = 0.31° and oy = 1°, which correspond to a scattering depth ~ 10 nm. The
measurements were performed after oxidation 10h in air at RT, after heating at 145°C
(5h,UHV) and at 300°C (50min.,UHV). The oxide layer for identical treatments was inves-
tigated by means of X-ray reflectivity and core-levels measurements in the previous chapter
(section 6.2).

The details of the fit decomposition include the oxygen-induced diffuse scattering in-
tensity, the oxide components and the thermal diffuse scattering (TDS), shown in Fig.

7.16 (b,c,d) respectively. The evolution of each of these contributions as function of the
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Figure 7.16: (a) Temperature evolution of the grazing incidence diffuse scattering intensity
data (open squares) and fits (solid line) measured along the [111] direction with «; = 0.31°
and oy = 1° (scattering depth ~ 10 nm) for the near surface of Nb(110). After oxidation 10h
in air at RT, after heating at 145°C (5h,UHV) and at 300°C (50min.,UHV). (b) Temperature
evolution of the oxygen-induced diffuse scattering contribution. (c) Temperature evolution of the
NbO2(400), NbO2(800), and NbO(022) contributions. (d) Thermal diffuse scattering contribution
(all measurements were performed at room temperature).

thermal treatments is not arbitrary, and from its proper evaluation depends the correct
determination of the oxygen-induced diffuse intensity. The oxide peaks, shown in Fig.
7.16(c), evolve in agreement with the reflectivity results described in section 6.2. The
NbO, components increase after heating at 145°C, before vanishing at 300°C, where the
NbO becomes predominant. This confirms the interpretation given in the previous section
and the assignment of these features to the oxides. As all measurements were taken at
room temperature, the thermal diffuse signal is only proportional to the amount of nio-
bium material probed below the oxide layer. This amount of material can be evaluated as
follows. From our X-ray reflectivity results (section 6.2), we know the thickness of the each
oxide layer, for the three states of the surface discussed here. The decay of the evanescent

field below the surface can therefore be calculated as discussed in section 7.1.2.

Fig. 7.17 illustrates the evanescent field decay for the three different states of the
Nb(110) surface under interest. The corresponding effective scattering depths Agg are
indicated. After RT oxidation in air, and after heating at 145°C, both Agg are similar and
~1 nm larger than after heating at 300°C. This compensates for the different thicknesses of
the total oxide layer for the different states of the surface, i.e. ~2 nm (RT, 145°C) versus
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~1 nm (300°C). However, the field decay through the oxide layers is higher through the
NbO oxide for the data measured after heating at 300°C by ~ 6%, as shown in Fig. 7.17.
The weight of the information that originates from the first nanometers below the surface is
slightly inferior at 300°C than at lower temperatures. In conclusion, the amount of niobium
atoms probed, and therefore contributing to the oxygen-induced diffuse scattering and the
TDS signals, is strictly constant for the two first states of the surface (after oxidation and
after heating at 145°C), and can be in first approximation? considered as constant for the
third treatment (after heating at 300°C). This is illustrated for the TDS contribution to
the fits, calculated for 297K (see section 4.2), in Fig. 7.16(d).

As mentioned before, the ratio between the oxygen-induced diffuse scattering and the
TDS is dermined by the absolute oxygen concentration, one unique scaling factor is then
necessary to fit the calculated values to the data. This point has been discussed in details
in section 7.1.1. In the present section, only the relative evolution of the diffuse signal is
considered.

In what follows the interstitial oxygen behavior is discussed. The intensity of the
oxygen-induced diffuse signal doubles after heating at 145°C. Note that this is observed
for every single depth considered (not shown here). From the X-ray reflectivity results

discussed in section 6.2, one knows that the NbO, and NbO oxide layers, and therefore their
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Figure 7.17: Evanescent field decay below the Nb(110) surface for a given incident and exit
angle «a; r. After RT oxidation in air and after heating at 145°C, the effective scattering depth
Agg is similar, and ~ 1 nm larger than after heating at 300°C. This compensates directly for the
difference in oxide thickness and the amount of niobium atoms probed and contributing to the
signals is therefore considered as constant for the three different treatments. However, the field
decay through the oxide layers is higher by ~ 6% for NbO.

4The maximal error has been estimated above.
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contributions to the spectra, are not considerably changing after heating at 145°C. From
this, one can intuitively deduce that the average amount of oxygen is roughly doubling.
This means that, at this temperature and for this amount of time, the net result of oxygen
release from the oxide decomposition, oxygen diffusion into niobium, and/or its segregation
to the interface, is an oxygen enrichment within the first 10 nm below the surface, as we
discussed in [197]. At 300°C, even though a consequent amount of oxygen is released from
the oxide dissolution (section 6.2.3), the diffusion length of oxygen in niobium [60] is in 50
min above 1000 nm, namely two orders of magnitude higher than at 145°C in 5h (~ 35
nm). The oxygen diffuses therefore much deeper into the bulk and the diffuse signal in the

first 10 nm decreases significantly compared to its initial value.
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Figure 7.18: Temperature evolution of the diffuse intensity data measured at high incident angle
a; = 3° and oy = 1° (scattering depth ~ 280nm). Dashed curve : TDS contribution of arbitrary
amplitude for comparison. The signals are comparable for the three different states, as "bulk like”
and dominated by the TDS. Oxide signals, NbO2 at RT and 145°C and NbO at 300°C are still

visible.

Fig. 7.18 shows a second example of temperature evolution of the diffuse scattering
data measured this time at fixed a; = 3° and oy = 1°, which correspond to a deeper
scattering depth ~ 300 nm. The measurements were performed for the same three different
treatments as discussed above. The signals are comparable for the three different states.
As "bulk-like”, they are dominated by the TDS, as this one increases proportionally to the
scattering depth (see also section 7.2.3). The TDS scaled to an arbitrary amplitude is
plotted for comparison. Oxide signals, NbO, after oxidation and after heating at 145°C,
and NbO after heating at 300°C are still visible.



7.2 Results and discussion 127

7.2.3 Depth-profiling of interstitial oxygen

The depth-resolved diffuse scattering data analyzed in this section, have been presented in
Fig. 7.13. The lineshape decomposition of each individual spectra measured along the in-
plane [111] direction has been discussed in section 7.2.1. In addition to the diffuse scattering
due to interstitial oxygen and thermal diffuse scattering, oxides contributions have been
identified. The depth and temperature dependences of the different contributions have
been discussed in detail in sections 7.1 and 7.2.2 respectively. In this section, the absolute
interstitial oxygen concentration profile underneath the oxide layer is determined for the
Nb(110) surface oxidized in air, and after heating at 145°C, exploiting the comprehensive

method and fitting routine described in section 7.1.4.

Atmospheric oxidation

The best fit of the diffuse scattering data measured on the Nb(110) surface after oxidation
10h in air, was found for the interstitial oxygen concentration profile, c,(z), plotted in
Fig. 7.19. The fit decomposition is shown in Fig. 7.20, and the fitting parameters are
summarized in Appendix B. The agreement between the model and the experiment is
remarkably good. The relative intensity of the TDS with respect to the oxygen-induced
diffuse scattering, directly proportional to ¢,(1 — ¢,) (see section 7.1.1), increases as the
average oxygen concentration over the depth probed decreases. At «; = 3°, the data are

bulk-like and the TDS dominates nearly exclusively the lineshape of the spectra. The
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Figure 7.19: Exponential atomic oxygen concentration profile as a function of the depth into
niobium below the oxide layer as obtained from the best fit of the diffuse scattering data measured
on the Nb(110) surface after oxidation 10h in air, and zoom (see text for details).
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Figure 7.20: Best fit (red solid line) for the diffuse scattering data measured on the Nb(110)
surface oxidized 10h in air (RT) (open squares). The data were corrected for the polarization
and active area. All data were fitted whit a unique depth-dependent function including the
oxygen-induced diffuse scattering (green line) associated to an exponential profile, the thermal
diffuse scattering (black line), oxides contributions (blue solid lines), background (dotted line)
and Compton scattering (grey line) (see text for details about the fitting procedure).
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depth-profile of the measured intensity and the fit value at Q* = %(1, 1,1) are plotted in
Fig. 7.21 with respect to the scattering depth. The contributions of the oxygen-induced
diffuse scattering and the TDS are illustrated. Note that this includes the transmission
factors, etc., as described in Eq. (7.14).

The effective exponential decay length of the oxygen concentration profile shown in
7.19, is equal to ~ 0.5 nm, indicating that most of the interstitial oxygen is located in the
direct vicinity of the oxide/niobium interface. It is important to keep in mind that, even
though no data were recorded for scattering depths below 4 nm, every measured intensity
is given by the Laplace transform of the complete concentration profile, as a function of
the scattering depth (see expression 7.3). Information about the oxygen concentration for
the region between the oxide interface and 4 nm is therefore carried by the measured data.
The atomic oxygen concentration decreases gradually from the oxide content to a bulk
concentration < 0.01%. This is in line with the interstitial oxygen concentration generally
equal to a few ppm observed at the end of the annealing cycles performed previously to
the sample oxidation (section 5.4). The integration of the oxygen profile over the first 10

nm is equivalent to an average oxygen concentration equal to
(Oi)10nm = 3.6 at.% (7.19)

A concentration value superior to the 50% concentration of the oxygen in NbO (shown

in chapter 6 to be the oxide species present at the interface between the oxide layer and
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Figure 7.21: Depth-profile of the maximal intensity at Q@ = %(1, 1,1) for the data measured on
the Nb(110) surface oxidized 10h in air (RT) (open squares) and fits (red). The depth-profile of
the oxygen-induced diffuse scattering (stars) and the TDS contributions are plotted (see text for
details). The fit was calculated for the data points, lines are eye-guides (see text for details).
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niobium), is observed in the direct vicinity of the interface. This can be explained as an
artefact due to the hypothesis made in 7.17 of an exponential shape of the profile. A
step-like profile in the direct vicinity of the interface can not be excluded. The amount
of intersitial oxygen involved then, could not be accommodated by a exponential profile
without an overestimated concentration at the interface. The sensitivity of the model
parameters and the degree to which different fits of the same set of data scatter can be
used to estimate the error bars of the fit parameters. An error of &+ ~ 1 at.% can be

estimated on the value given in (7.19).

Note that the agreement between the data measured at very small angle and the model
is not perfect (see Fig. 7.20). The explanation for this most probably lies in some of the
approximation made in the model (section 7.1). For example, interfacial effects associated
to a highly strained interface as observed between the NbO and niobium in chapter 6. The
theoretical calculation of the diffuse scattering has been performed using bulk properties of
niobium, neglecting interfacial effects, which probably locally affects the elastic constants
of the material. These are open questions and would require further investigations. In
the case of the oxygen-diffuse scattering calculation, surface effects have been investigated
performing calculation within the slab geometry [164]. From this free surface, effects are

shown to be confined in the very first atomic layers.

After heating at 145°C (5h, UHV)

The best fit of the diffuse scattering data measured on the Nb(110) surface after heating
at 145°C (5h,UHV) was found for the interstitial oxygen concentration profile plotted in
Fig. 7.22. The concentration profile for the surface after oxidation in air is shown for
comparison. The fit decomposition is shown in Fig. 7.23, and the fitting parameters are
summarized in Appendix B. Considerations described in section 7.2.2 on the constrains
that applied on the fitting parameters with respect to the temperature evolution have
been accounted for in the fitting procedure. The agreement between the model and the
experiment is remarkably good. The depth-profiles of the measured intensity and the fit
value at Q* = %(17 1,1) are plotted in Fig. 7.23 with respect to the scattering depth. The

contributions of the oxygen-induced diffuse scattering and the TDS are illustrated.

The effective exponential decay length of the oxygen concentration profile is ~ 0.9nm,
indicating that most of the interstitial oxygen is located in the direct vicinity of the ox-
ide /niobium interface, as observed for the surface after oxidation in air. The atomic oxygen
concentration decreases gradually from the oxide content to a bulk concentration < 0.01%.

The integration of the oxygen profile over the first 10 nm corresponds to an average oxygen
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Figure 7.22: Exponential atomic oxygen concentration profile as a function of the depth into
niobium below the oxide layer as obtained from the best fit of the diffuse scattering data measured
on the Nb(110) surface after heating at 145°C (5h,UHV), and zoom. Dashed line: profile after
oxidation 10h in air for comparison (see text for details).

concentration equal to

(Oi)yq, = 7.6 at.% (7.20)

10nm

A net enrichment in interstitial oxygen is observed underneath the metal /oxide interface
after heating at 145°C. The average concentration in the first 10 nm is doubling after
the low temperature treatment. This corresponds to an average increase of 4% of the
oxygen concentration in the first 10 nm. This increase can be directly compared to the
oxygen released from the oxide dissolution after heating at 145°C, determined from the
X-ray reflectivity analysis described in section 6.2.3. An amount of 84 at./cm? oxygen
atoms was shown to be liberated, which corresponds to an average increase of the oxygen
concentration of ~ 1.5% over 10 nm. Within the error bars, these results show a surprisingly

good agreement.

Discussion

High concentrations of subsurface interstitial oxygen are observed in the direct vicinity of
the niobium/oxide interface of the Nb(110) surface after atmospheric oxidation. This ob-
servation is in agreement with previous studies on Nb(100) single crystals [62], on Nb(110)
films oxidized above 100°C in air [15], on Nb(110) single crystal after high temperature
UHV annealing [16], and for polycrystalline high residual resistivity ratio samples investi-
gated in a recent atom probe tomography study [17]. The concentration profiles of both set
of data discussed here decay rapidly, i.e. with a decay length of ~1 nm below the interface,
from the oxide layer concentration to the low concentration of the bulk. A previous study

on the segregation of oxygen at interfaces by means of Auger Electron Spectroscopy com-
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Figure 7.23: Best fit (red solid line) for the diffuse scattering data measured on the Nb(110)
surface after heating at 145°C (5h, UHV) (open squares). The data were corrected for the polar-
ization and the active area. All data were fitted whit a unique depth-dependent function including
the oxygen-induced diffuse scattering (green line) associated to an exponential profile, the thermal
diffuse scattering (black line), oxides contributions (blue solid lines), background (dotted line) and
Compton scattering (grey line) (see text for details about the fitting procedure).

bined to ion sputtering [64] has shown that the segregation of oxygen of annealed surfaces

is extremely localized (1-1.5 nm).

After heating at 145°C (5h, UHV) no depletion, but an increase in the oxygen con-

centration is observed in the direct neighborhood of the metal/oxide interface. Interstitial

oxygen originates from the dissolution of the oxide layer, and does not diffuse further in
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Figure 7.24: Depth-profile of the maximal intensity at Qx = %(17 1,1) for the data measured on
the Nb(110) surface after heating at 145¢C (5h, UHV) (open squares), fits (red), oxygen-induced
diffuse scattering (stars), and TDS contributions. The fit was calculated for the data points, lines
are guides for the eye (see text for details).

the niobium bulk than the first nanometers underneath the interface although the bulk
concentration is well below its saturation value. Different arguments can be proposed to
explain this observation. On one hand, the oxygen released from the oxide dissolution,
which takes place as discussed in section 6.2.3 at the NbyO5/NbO, interface, has to cross
the NbO, oxide layer and the diffusion barrier formed by the NbO at the interface with
niobium [113|. On the other hand, as mentioned before, several studies performed under
ultra high vacuum have underlined the oxygen segregation at the niobium surface after
annealing at temperatures above already 300°C [61-66]. These studies showed that oxygen
in niobium prefers to segregate toward the crystal surface in relatively high concentration
although the solubility limit in the bulk is not reached. This is in line with what has been

determined in this section.
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7.3 Summary

In this chapter, the unambiguous monitoring of subsurface interstitial oxygen in niobium
and its evolution upon heating have been presented. A non-destructive in-situ method
to determine the absolute oxygen concentration profile has been developed, exploiting the
diffuse X-ray scattering from the characteristic local lattice distortions occurring around

interstitial oxygen defects in niobium.

The observation of the weak diffuse scattering intensity in combination with total ex-
ternal reflection is only feasible exploiting the highly brilliant synchrotron radiation. The
grazing incidence X-ray diffuse scattering measurements on the the Nb(110) surface ox-
idized in air have been performed at the MF-MPI beamline at the synchrotron ANKA,

Germany.

A first insight into the interplay between the oxide formation/dissolution and the emer-
gence of subsurface oxygen has been given. Since niobium does not release oxygen to
the surrounding environment below 1600°C [57,67, 68|, the oxygen liberated from the ox-
ide dissolution discussed in chapter 6, gets dissolved into niobium (see Fig. 7.25). For
its unambiguous detection, the diffuse X-ray scattering maxima at the Q*;.. = %(1, 1,1)

positions are used as quantitative fingerprints.

RT 145°C(5h,UHV) 300°C (30min.,UHV)
Chapter 6
+ Nb2Os - -
~20A NbO> T
v NbO :

Ointerstitial O ? ? %
Nb Oi

Figure 7.25: From the results given in chapter 6 and 7, a first insight into the interplay between
oxide formation/dissolution and the occurrence of interstitial oxygen has been given.

The lineshape decomposition of each individual spectra measured along the in-plane
[111]px direction has been discussed in section 7.2.1. In addition to the oxygen-induced
diffuse scattering and the thermal diffuse scattering, oxides contributions have been iden-
tified. The depth and temperature dependences of the different components have been
discussed in sections 7.1 and 7.2.2 respectively.

The depth-distribution of interstitial oxygen below the natural oxide layer of the Nb(110)
surface initially oxidized in air, and its evolution after heating at 145°C (5h, UHV), has
been established. Assuming an exponential profile, the decay length of the interstitial

oxygen below the oxide layer was found to be inferior to 1 nm, indicating that most of
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the oxygen is located in the direct vicinity of the oxide/niobium interface. Large amounts
of subsurface interstitial oxygen are observed underneath the interface even though the
concentration in the bulk is far below the solubility limit.

A clear subsurface interstitial oxygen enrichment within the first 10 nm is observed after
heating at 145°C (5h, UHV). The average concentration over the first 10 nm increases by
4%, which is of the same order of magnitude as the amount of oxygen released by the oxide
dissolution (section 7.2.3).

Important observations have been made by consideration of single data curve, i.e. at
a fixed scattering depth, measured after heating at 300°C. The NbO, signal vanishes,
while the NbO(220) Bragg contribution gets very pronounced, both in agreement with
the reflectivity and core level results discussed in the previous chapter. In parallel, the
diffuse scattering signal from interstitial oxygen decreases drastically, although a conse-
quent amount of oxygen is released from the oxide dissolution. This can be explain by an
enhanced diffusion of oxygen toward the niobium bulk.

One can conclude from these results that the oxygen distribution and its chemical /physical
state in the surface and subsurface regime of niobium is highly sensitive to low thermal
treatments. The amount of subsurface interstitial oxygen is a sensitive balance between
the oxygen release from the oxide dissolution and the oxygen diffusion into the niobium
bulk. A convenient X-ray technique has been presented that can be applied for further

investigation of samples prepared e.g. under production conditions of niobium rf cavities.



Chapter 8

Complementary experimental results

The oxidation of niobium surfaces, and metals in general, is sensitive to various parameters
such as the surface orientation or the oxidation active environment. The reactivity of
oxygen with surfaces, as well as the mass transport through the oxide are often increased
by the presence of water, encountered in various steps of the preparation of superconducting
niobium rf cavities.

In this chapter, complementary experimental results are presented on three different
systems. In section 8.1, the less dense Nb(100) surfaces oxidized in air and the evolution of
their near surface region upon thermal treatments are investigated by mean of x-ray reflec-
tivity and grazing-incidence diffuse x-ray scattering. In section 8.2, in — situ measurements
of the diffuse scattering intensity recorded during vacuum annealing of the Nb(110) sur-
face oxidized in dry oxygen atmosphere are presented. In section 8.3, the Nb(110) surface
oxidized in clean water is investigated by means of x-ray reflectivity and high-resolution
core-level spectroscopy measurements.

The different methods and experimental details have been discussed in chapters 4 and

5, and their exploitation in the two previous chapters of experimental results.

8.1 Experimental results on Nb(100)

In this section, the experimental results on the natural oxide on Nb(100) single crystals
oxidized in air and the evolution of the near surface region upon vacuum annealing are
presented. The results are organized as follows: in the first part of the section, the oxide
layer and its thermal stability are investigated by mean of x-ray reflectivity measurements.
In the second part, the behavior of interstitial oxygen below the oxide layer is discussed
on the basis of grazing-incidence diffuse x-ray scattering measurements.

A Nb(100) single crystal with a diameter of 13.7 mm and a thickness of 2mm was pol-

ished and purified as described in section 5.4. The sample was subsequently oxidized in air
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during 14 days at room temperature and then mounted in the portable UHV x-ray diffrac-
tion chamber. The x-ray reflectivity and grazing incidence x-ray scattering experiments
have been performed at the MPI-MF beamline at the Angstromquelle Karlsruhe ANKA,
at a photon energy of 10keV. The following sequence of thermal treatments were applied
on the oxidized surface under high vacuum conditions!: room temperature (RT), 120°C
(4h30), 200°C (6h), and 300°C (45min.). All measurements were performed after cooling

down the sample in a frozen state to RT.

8.1.1 XRR results
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Figure 8.1: (a) X-ray reflectivity data measured on a Nb(100) single crystal oxidized in air at
RT during 14 days for different mild thermal treatments (open circles) and fits assuming a two
layer model (solid lines), and a three layer model (dashed lines) in the Parratt formalism. The
curves were vertically shifted for clarity. (b) Electron density profiles along the surface normal
obtained from the fits (see text for details).
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The X-ray reflectivity spectra measured on the Nb(100) surface after atmospheric oxi-
dation at room temperature, and after heating at 120°C (4h30, HV), at 200°C (6h, HV),
and at 300°C (45min., HV) are shown in Fig. 8.1 (a). The data have first been fitted
assuming a two layer model in the Parratt formalism. The thickness of the layers, the
roughness of the surface and of the interfaces, as well as the density parameters of the
oxides were free, the electron density profiles obtained from the fit are presented in Fig.
8.1 (b) (see also Appendix A). The best fit, however, was obtained with a three layer model
for the native oxide layer and the subsequent heating at 120°C. This model is discussed
subsequently to the two layer model. Both are illustrated in Fig. 8.1 (a,b). The thicknesses

and roughnesses for all different treatments discussed above are summarized in Tab. 8.1.

After 14 days in air, the Nb(100) single crystal has, following our model, a total oxide
thickness of 251 A. The outermost oxide layer is the thickest one with 14.7+1 A and can
be identified as NbyOs, highest and more stable oxidation state of Nb. The inner layer has
a lower electron density close to NbO, with a thickness of 10.7+1 A. The corresponding
roughnesses are high with respectively 7 A, 3 A and 4 A for the metal /oxide interface.
After heating at 120°C the total thickness of the oxide layer stays nearly unchanged and
only a rearrangement between the two oxide layers is observed, corresponding to the dis-
solution of the higher oxidation state NbyOj layer together with at thickening of NbOs.
Simultaneously, a drastic decrease of the roughness at the surface, but also at the interface
between those two layer is observed (see Figure 8.1). After heating at 200°C, the NbyOs
layer continue its progressive dissolution, and NbOy stops to grow. At higher temperature,
i.e. 300°C', both NbyOs5 and NbO, oxide layers reduce. The total thickness decreases by
30% and the second layer has an electron density close to the one of NbO, lower oxida-
tion state of Nb. The reason why this value is slightly inferior to the electron density of
NbO bulk, i.e. smaller atomic density, can be either the existence of a mixture of NbO
and residual NbO,, or a defective NbO structure. The reflectivity results do not allow to

distinguish between these two cases.

Although the two layer model offers a reasonable fit to the data, the best fit for the native
oxide curve in terms of chi-square was obtained assuming a three layer model compatible
with the following sequence of oxide layers: NbyOs5, NbOy and NbO, from the surface to
the metal/oxide interface. The total thickness of the oxide layer is consistent with the
one obtained from the two layer model. The individual thicknesses are 16A, 7.8A and
4.3A (error bar & 1A). The respective roughnesses are 7.8A, 3.2A, 2.8A and 2A for the
interface. All results are summarized in Tab. 8.1. The introduction of the third NbO layer
is accompanied by a decrease of the interfacial roughness compare to the one observed for
the two layer model. This can be understood by the fact that the presence of a thin NbO
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Oxide RT 120 °C (4h30) 200°C (6h) 300°C (45min.)
2 layers 3 layers 2 layers 3 layers 2 layers 2 layers
NboOs | 14.7(7.2) 16 (7.8) 12.1 (3.8) 13 (4) 10 (3.4) 4.6 (1.9)
NbO2 10.7 (2.9) 7.8 (3.2) 13.1(1.7) 10.5 (1) 12.8 (2.4) -
NbO - 4.3 (2.8) - 4.3 (3.4) - 13.2(1.3)
Substrate (3.4) (2) (4.2) (3.4) (3.8) (3.1)
Total (A) 25.4 25.4 25.2 25.2 22.8 17.8

Table 8.1: Thicknesses (roughnesses) in A (error bar of + 1A) of the different niobium oxides
obtained from the X-ray reflectivity analysis for different thermal treatments, for a two and a
three layer model in the Parratt formalism.

layer of intermediate electron density between NbOy and Nb can be seen as a roughness
of their interface. As a result, both electron density profiles are rather similar, as can be

seen in Fig. 8.1.

As it has been shown in different studies and already discussed in the results on the
Nb(110) surfaces, niobium does not release oxygen below 1600°C. The oxygen liberated
during the oxide dissolution is therefore assumed to get dissolved into the Nb bulk below
the Nb/oxide interface. This result is in agreement with the observations made on the

oxygen-induced X-ray diffuse scattering measurements discussed in the next section.

The total amount of niobium and oxygen atoms involved into the oxide layer, summing
the contributions of the NbyO5, NbO, and/or NbO layers in the two-layer model, as a
function of temperature, is illustrated in Fig. 8.2. It is interesting to note that after the
low-temperature treatment, namely at 120°C, the oxide reduction that occurs from NbyO5
to NbOy does not release any oxygen. Indeed, the net amount of oxygen liberated from

the NbyOj5 dissolution with respect to the NbO, growth can be calculated in the same way

1.50E+16
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1.00E+16- W Oxygen

5.00E+15

0.00E+00"

RT 120 200 300

Figure 8.2: Temperature evolution of the total amount of niobium and oxygen atoms involved
in the oxide layer summing the contributions of the NbyO5, NbOy and/or NbO layers assuming a
two-layer model (see text for details).
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as described in section 6.2.3. A decrease of the NbyO5 thickness by 2.6A in the case of the
two layer model corresponds to 1.35x10'® O at./cm? which is equivalent to the amount
of oxygen necessary to an increase of the NbO, thickness by 2.4A. In the same way a
decrease of the Nb,Oj thickness by 3A for the three layer model corresponds to ~ 1.5x10'
O at./cm? which is equivalent to the amount of oxygen necessary to increase the thickness
of NbO, by 2.66A. This observation is of primary importance for the understanding of
the diffuse scattering results discussed hereafter. After heating at 200°C and 300°C, the
amount of oxygen liberated from the oxide dissolution is equal respectively to 1.26x 10
O at./cm? and 4.7x10' O at./cm?.

8.1.2 Grazing incidence diffuse X-ray scattering

In parallel to the oxide dissolution characterized in the previous part, the behavior of
the interstitial oxygen atoms dissolved below the oxide layer upon vacuum annealing,
is investigated by mean of grazing incidence X-ray diffuse scattering. The temperature
evolution of the oxygen-induced diffuse X-ray scattering measured around Q* = 4/3(1,1,1)
along the [111]| direction is shown in Fig. 8.4 and 8.5 for two different incident angles
a; = 0.3° and a; = 0.5°, which corresponds to scattering depths of ~10 nm and ~200 nm
respectively. The data have been corrected for the polarization factor.

Before discussing these results one should precise that the [111] direction, along which
the oxygen-induced diffuse X-ray scattering is measured, does not lie in the Nb(100) surface
plane, in contrast to Nb(110) surfaces (see section 7). Both surface orientations are repre-
sented in Fig. 8.3. A linescan along the [111] direction implies therefore for the Nb(100)
surface a continuous change in the z-component of the momentum transfer (., achieved

by a continuous change in the exit angle. For incident angles below the critical angle o, ~
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Figure 8.3: Left : Scanning direction along the [111] for the Nb(100) surface. Rigth : Comparison
between data and theoretical sum of the diffuse scattering for an average oxygen concentration
(Cp = 0.05%) and the TDS.
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0.32°, the scattering depth is constant for increasing exit angles above a. (see Fig. 4.10).
In this case, the probed depth does not depend on the exit angle, always above «, for
the given scan. For incident angles above the critical angles however, the scattering depth
increases with increasing exit angles. This effect can explain the systematic discrepancy
observed in Fig. 8.3 between the data corrected for the polarization and the calculated
diffuse scattering (average oxygen concentration of 0.05% and including the thermal dif-
fuse scattering). This complicates the determination of an absolute interstitial oxygen
depth-profile in comparison with Nb(110) surfaces. In this section, numerous qualitative
information are gained from the data presented, for which this effect can be neglected.
The scattering depths were calculated for the exit angle corresponding to Q* = 4/3(1,1,1)
(rlu.).
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Figure 8.4: Diffuse Scattering data measured along the [111] direction for different thermal
treatments at an incident angle a; = 0.3° (scattering depth ~ 10 nm). The measurements were
done after cooling the sample to RT.

As already mentioned before, niobium does not release oxygen in UHV below 1600°C
[57,68], and the oxygen liberated by the oxide reduction described in the previous section,
necessarily gets dissolved into niobium across the niobium/oxide interface. The diffuse
intensity measured after heating at 120°C (6h, high vacuum), does not show any changes
neither in the first 10 nm or 200 nm (see Fig. 8.4 and 8.5). This observation is in agreement
with the reflectivity results which showed that for these conditions, no oxygen was released
from the oxide reduction, the dissolution of NbyO5 being exactly balanced by growth of
NbO,. This also means that, after the low-temperature treatment, no depletion (neither
segregation) of oxygen initially present interstitially below the metal/oxide interface is

observed into those regions. This observation contradicts the proposed explanation for the
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effect of the low-temperature treatment on the performances of niobium rf cavities [4,29].

After heating at 200°C, a large oxygen release from the oxide dissolution has been
calculated in section 8.1.1. The diffuse intensity, however, does not show significant increase
in the first 10 nm below the metal/oxide interface. This can be explained by an enhanced
oxygen diffusion into niobium at this temperature. The diffusion length of oxygen in
niobium is indeed at 200°C during 6h equal to ~ 260 nm, nearly 7 times more then at
145°C during 5h (see Eq. (3.1)). Up to this temperature, the oxygen atoms seem therefore
to maintain an equilibrium concentration profile in the near surrounding of the metal /oxide
interface. The intensity measured at a higher incident angle «; = 0.5° (scattering depth of
~200 nm), however, shows a net increase of the signal. This highlights the emergence of
a diffusion front of interstitial oxygen, propagating from the metal/oxide interface toward
the niobium bulk. The net increase of the diffuse intensity is associated to an enrichment
in the “average” amount of interstitial oxygen in the region between 10 nm and 200 nm

below the interface.

After heating at 300°C (45min., high vacuum), the maximum of the diffuse intensity is
clearly increasing for both scattering depths considered in Fig. 8.4 and 8.5, indicating a net
oxygen enrichment in the near surface region in parallel to the oxygen release from the oxide
dissolution. This shows a different behavior than the one observed on the Nb(110) surface
for similar conditions, for which the oxygen had fully diffused into the bulk. Another
difference is the amount of niobium atoms contributing the oxide layers (Fig. 8.2), which
is increasing for the Nb(100), while it was decreasing for the Nb(110) surface. This is
probably linked to the growth of the oxide, namely the NbO oxide, stable under Nb atoms
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Figure 8.5: Diffuse scattering data measured along the [111] direction for different thermal
treatments at a; = 0.5° (scattering depth ~ 200 nm). The measurements were all done after
cooling the sample to RT.
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excess. It is interesting to see that for the same conditions the XRR results indicate much
faster NbO growth for the (100) surface as for the (110).

8.1.3 Discussion

In this section, the natural oxide on a Nb(100) single crystal oxidized under room tem-
perature atmospheric conditions, and its progressive dissolution upon vacuum annealing
have been investigated by mean of X-ray reflectivity (XRR). The simultaneous behavior
of interstitial oxygen dissolved below the oxide layer has been characterized by grazing
incidence diffuse X-ray scattering (GIDXS).

The natural oxide layer formed on the Nb(100) surface oxidized in air (14 days, RT)
present a layered structure, constituted of NbyOs5, NbO, and NbO, from the surface to
the metal/oxide interface, similar to the one observed on Nb(110) surfaces oxidized in
air (see chapter 6). The Nb(100) oxide layer (25 A) is only slightly thicker than the
Nb(110) oxidized 10h in air (20A). This can be explained by the drastic slow down of
the atmospheric oxidation of niobium after the formation, in the first hours, of the first
2 nm [89]. The effect was observed by complementary XRR measurements (not shown)
on the Nb(110) surfaces exposed to air for 3, 6 and 10 h, forming respectively 15 A, 18
A and 21 A thick oxide, and confirms observations reported on the oxidation of Nb(110)
thin films in air [116]. Note however that the uptake of oxygen, as well as the oxidation
at 350°C to 450°C, have been shown to strongly depend on the orientation of niobium
surfaces, being the fastest for Nb(111) surfaces, followed by Nb(110) surfaces, the slowest
being the Nb(100) surface [198].

The stability of the native oxide layer as a function of temperature shows similar behav-
ior for the Nb(110) and Nb(100) surfaces oxidized in air. Below a temperature of 200°C the
total thickness of the oxide layers is only slightly changed, by less than 8% at 145°C (5h) on
Nb(110) and not all at 120°C (4h30) on Nb(100). The main changes observed after heating
is the NbyOj5 reduction into the lower oxidation state NbO, that increases by 7% for the
Nb(110) surface and up to more than 20% for the Nb(100) surface. The dissolution of the
NboO; oxide layer, occurs therefore on Nb(100) faster and earlier, i.e. at lower tempera-
tures, than on Nb(110). Note that similar observations have been made on HRCLS results
on Nb(100) surfaces oxidized in water (not shown). After heating at 300°C, regardless of
the duration, the remaining oxide on both surface is mainly the lowest stable oxidation
state of niobium, namely NbO. In the case of the Nb(110) surface the NbO layer was
shown to present Nishiyama-Wasserman epitaxial orientation relationships with respect to
the niobium substrate. In contrast to the results on Nb(110), no GIXD measurements

were realized on the Nb(100) surface, such that the existence of an epitaxial oxide layer
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on Nb(100) has not been yet investigated. The clean Nb(001) surface and its interaction
with oxygen has been studied with valence-band and core-level photoemission [105,109].
After oxidation at low oxygen pressure, for several hours and subsequent cycles of anneal-
ing at high temperatures under high vacuum conditions, two suboxides states were found
and assigned to NboO and NbO. In another study, oxygen-induced NbO(100) epitaxial
nanocrystals on Nb(100) with [011] .. || [010]s.. have been observed during cleaning of the
surface at elevated temperatures by means of LEED, AES and STM [95]. This confirms the
occurrence of NbO as first oxidation step on Nb(100) surfaces and its probable existence
at the metal /oxide interface in the natural oxide, as proposed by the three layer model for
the XRR results.

An insight into the behavior of the interstitial oxygen dissolved below the oxide layer
has been given by mean of grazing incidence diffuse X-ray scattering measurements. No
oxygen got released from the oxide reduction process after heating at 120°C, and in paral-
lel, no enrichment or depletion in the average oxygen concentration were observed neither
in the first 10 nm, nor in 200 nm below the surface. This contradicts the argument that a
depletion in oxygen in the near interface region, due to diffusion toward the bulk during the
low-temperature heating, is responsible for the improvement of the cavity properties [26].
However, from the results presented here only the average concentration over the region
considered is available. A redistribution of the oxygen within the first 10 nm giving rise to
the same average concentration can not be excluded (see also chapter 7). A striking result
is the direct observation of the diffusion front of interstitial oxygen from the metal/oxide
interface toward niobium bulk. After heating at 200°C indeed, no enrichment is observed
in the first 10 nm below the surface, although a considerable amount of oxygen has been
liberated from the oxide dissolution. The net increase of the diffuse signal, however, is
observed for a scattering depth of 200 nm indicating a clear increase in the average con-
centration of interstitial oxygen in this region and the diffusion of the released oxygen
toward the bulk region. For temperature up to 200°C the distribution of the oxygen at the
direct neighborhood of the interface seems to regulate to an equilibrium constant average
concentration. At 300°C, however, an general increase in the signal at 10 nm and 200 nm
is noticed, in contrast to what was observed on the Nb(110) surface. This is accompanied
by a faster growth from the NbO than for Nb(110), which is most probably directly related

to the high amount of oxygen at the interface.
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8.2 Results on Nb(110) oxidized in dry oxygen

In-situ measurements of the diffuse scattering were performed during annealing of the
Nb(110) surface oxidized in dry ozygen atmosphere (P,o= 22 mbar). The results are
presented in section 8.2.2. Prior to these measurements, the surface was “cleaned” in-situ
by high temperature annealing (~ 2000°C) and the surface characterized by means of X-
ray reflectivity (section 8.2.1). The X-ray reflectivity and grazing incidence diffuse X-ray

scattering measurements were carried out on ID32 at the ESRF (beamtime E1, see 5.1).

8.2.1 High temperature annealing (2000°C)

As mentioned earlier, obtaining a clean niobium surface requires to anneal the sample
above 2000°C under UHV conditions [57,67,68|. For this purpose, a high-temperature
experimental setup for the portable UHV X-ray diffraction chamber was developed within
this work (see section 5.2). Temperatures up to 2000°C could be currently reached. The
best vacuum that could be maintain in the chamber for few minutes at this temperature
is ~ 5.10" "mbar.

The Nb(110) single crystal surface was prepared as described in section 5.4, exposed to
air for 3h, and then mounted in the UHV chamber. X-ray reflectivity data measured on
the Nb(110) surface after repeated annealing cycles (20th) at 2000°C (5min.), and after
oxidation in dry oxygen atmosphere are shown in Fig. 8.6. Traces of a residual oxide layer
are still visible after 20 cycles of annealing, as demonstrated by the oscillations presented

by the spectrum. The characterization of the epitaxial relationships between the NbO
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Figure 8.6: X-ray reflectivity data measured on the Nb(110) after 20 annealings cycles (~
2000°C, 5 min., HV) and after in-situ dry oxidation (P,y= 22 mbar, RT for ~ 1h).
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oxide with respect to the underlying niobium substrate has been discussed in section 6.3.1
(see Fig. 6.18 and 6.19). Oxygen-induced NbO structures on Nb(110) due to surface
segregation after high temperature vacuum annealing were reported by different authors
(166,69,96,112]).
After the repeated annealing cycles, the sample was oxidized in dry atmosphere (P,=22mbar,

RT, ~ 1h). A rough estimation indicates the presence of ~25 A thick oxide layer, which
is considerably thicker than what is observed for a comparable amount of time in air, but
similar to the thickness observed after 10h in air. Note that a faster oxidation of Nb(110)

thin films in pure oxygen atmosphere than in air has been reported [15].

8.2.2 Grazing incidence diffuse X-ray scattering

Fig. 8.7 shows the evolution during annealing of the diffuse scattering signal measured
along the [111] direction at fixed incident o; = 0.6° and exit angle ay = 0.2°, which
corresponds to a scattering depth of ~ 6 nm. The data have been corrected for the
polarization factor. Measurements were recorded at 200°C (30 min.), 300°C (30 min.)
and 350°C (2h30) (HV). The sample was realigned at each given temperature. After
the dry oxidation and while heating at 200°C, the linescans present a similar lineshape
characteristic of the presence of the NbO, oxide at the surface, as discussed in detail in

section 7.2.1 for the Nb(110) surface oxidized in air. The oxygen-induced diffuse signal at
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Figure 8.7: In-situ diffuse scattering data measured on a Nb(110) surface oxidized in dry oxygen
atmosphere (P,2=22mbar) upon annealing, at fixed incident angle o; = 0.6° and exit angle
ay = 0.2° (scattering depth ~ 6 nm).
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Q* = 2(1,1,1) and £(1,1,1) increases, indicating an enrichment in subsurface interstitial
oxygen in the near surface region probed, in agreement with what was observed before
for heating at T< 200°C. At 300°C, in the same way, the NbO, contributions vanish.
However, the interstitial oxygen contribution continues to increase in contrary to what was
observed for the Nb(110) surface oxidized in air after cooling the sample down to room
temperature. Fig. 8.8 compares the experimental data taken at 300°C with the theoretical
structure factor of the oxygen-induced diffuse scattering (arbitrary concentration) and the
thermal diffuse scattering. The agreement between both curves is surprisingly good. The
data do not show any evidence of the presence of a layer of NbO at the surface yet. At
350°C (P = 5x 10~ ®mbar), the epitaxial NbO layer is clearly visible in detriment to the
interstitial oxygen signal.

From X-ray reflectivity measurements described in the previous section, the thickness
of the oxide layer can be estimated at ~ 25 A, which is similar to the oxide layer thickness
observed after the atmospheric oxidation conditions (6.1). During the heating process
up to 300°C, the oxide layer dissolves progressively, releasing oxygen into the niobium
bulk across the metal/oxide interface in a similar way as described before (6.2.3). At
350°C, the formation of the epitaxial NbO layer seems to be energetically favorable and
the NbO layer grows. This important observation suggests that the oxide dissolution
occurring at T' > 300°C, proceeds via dissolution of the NbO, oxide into Nb and interstitial
oxygens, followed by the growth of NbO at higher temperature, rather than as a direct
transformation from NbQO, into NbO.

14

| O Nb(110) during heating at 300°C
12| (E=12.7keV, 4:=0.6°, @ = 0.2°)
| —— Theory (Diffuse scattering + TDS)

Intensity (arb. units)
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Figure 8.8: FExperimental curve of the diffuse scattering after correction of the polarization
and substraction of the background (open squares). Normalized theoretical curves for the diffuse
scattering for an arbitrary oxygen concentration and thermal diffuse scattering (solid line).
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8.3 Results on Nb(110) oxidized in water

In this section the oxidation of Nb(110) single crystals in pure water, and the thermal
stability of the oxide layer are investigated by means of X-ray reflectivity and core-level
spectroscopy measurements.

Nb(110) single crystals with a diameter 11 mm diameter and a thickness of 3 mm were
oriented better than 0.1°, polished and purified as described in section 5.4. The samples
were exposed to air for 10h (RT) prior to their oxidation in pure water during 10h at RT,
and then mounted in the UHV chambers. The X-ray reflectivity measurements have been
performed at the MPI-MF beamline (ANKA), at a photon energy of 10keV (beamtime
A3). The core-level experiments were carried out at the beamline 1311 at MAX-Lab.

8.3.1 XRR results

The X-ray reflectivity data measured on the Nb(110) single crystal oxidized in pure water,
after heating at 300°C (1, UHV), and at 2000°C (5min., HV) are shown in Fig. 8.9(a). All
measurements were performed after cooling down the sample in a frozen state to RT. The
data have been fitted using the Parratt formalism in the same way as described in previous
sections. The electron density profiles obtained from the fit are presented in Fig. 8.9 (b)
and the fitting parameters are summarized in Appendix A.

After having seen air for 10h and clean water for 10 more hours, the Nb(110) single
crystal has an oxide layer of total thickness equal to 44+1 A. The data at RT can be fitted
reasonably well using a three layer model with the following sequence of niobium oxide:
NbyOs5, NbO, and NbO, from the surface to the interface with the metal, as previously
observed for Nb(110) (section 6.1) and Nb(100) surfaces (previous section) oxidized in air.
Note that the best fit is obtained assuming a fourth thin and rough layer on top of the
NbyOs, that can be understood as due to a Nb-OHHOH complex at the surface, as reported
in previous studies on the oxidation of niobium in HoO [89,199]. The individual thicknesses
and roughnesses of the different layers are summarized in Tab. 8.2. Attempts assuming a
three layer model, including the same sequence of oxide but no overlayer is illustrated in
Fig. 8.9(a,b) (dashed line).

After heating at 300°C (30min.,HV)? the oxide layer reduces nearly completely into a
19 A thick NbO layer. The subsequent annealing of the sample at 2000°C (5min.) leads to
the dissolution by ~ 25% of this NbO layer. Traces of a thin remaining NbO oxide layer

2Intermediate heating at 135°C (4h, HV), and the baking of the chamber (120°C, 24h) was performed
before heating at 300°C (not shown). Note that these treatments had only small effects on the total
thickness of the oxide layer.
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Figure 8.9: (a) Reflectivity data (open circles) and fits (solid lines) measured on a Nb(110) single

crystal oxidized in clean water for different thermal treatments. Dashed lines

: attempt using a

three layer model instead of the fourth layers model in the Parratt formalism. The curves were
vertically shifted for clarity. (b) Electron density profiles for the best fits (see text for details).

Oxide RT 300°C (30min.) 2000°C (5min.)
4 layers 3 layers

Overlayer | 3.2 (3.3) - - -

Nb2Os 26.9 (2) 30.8 (2.8) 3.7 (3.2) -

NbO2 6.5 (4.4) 6.6 (4.3) - -

NbO 7.7 (2.5) 7 (1.7) 19.4 (2.5) 5.3 (1.9)
Substrate (2.9) (3) (1.2) (2.3)
Total (A) | 44.3 44.4 23.1 5.3

Table 8.2: Thicknesses (roughnesses) in A (error bar of + 1A) of the different niobium oxides
obtained from the X-ray reflectivity analysis for different thermal treatments. Two different models
are proposed for the RT data (see text for details).
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are observed at the surface even after repeated annealing cycles at this temperature. This
can be explained, as already discussed in section 8.2.1, by the degradation of the vacuum
inside the chamber to 107° mbar while heating at 2000°C (see also section 5.2).

8.3.2 Core-level results

Complementary information about the chemical species that form the wet oxide layer and

their thermal stability were obtain by core-level spectroscopy measurements.

Room temperature wet oxidation

The depth-dependent Nb 3d core-level spectra of the Nb(110) sample after wet oxidation
(10h in air +10h in water) are presented in Figure 8.10 (normal emission angle). The
photoemission escape depth is tuned by varying the incident beam photon energies in
order to get depth-resolved information.

Two straightforward observations can be made from Fig. 8.10. First, as for the atmo-
spheric oxide layer on Nb(110) (see section 6.1), the main component of the wet oxide layer
is shifted by 5.5eV toward higher binding energies with respect with the niobium compo-
nent and can be attributed to NbyO5. Second, the relative intensity of the NbyOs doublet

As prepared, Nb(110)

water

2.0x10° —m—m—m—mm———————7——7———7—
------ 900eV
Nb205 ----700eV
5 .o T 650eV
. 1.5x10° [ o 270eV
B2
c
3 .
¥e! 5 3 Con
= 1.0x10° | ; . K _
2 : SR Nb
) /N [EAN
e / \ ’_/ Vo e R
[2) 12 \ h \ R . )
% Jl"-\ \\ /// Yoo T
€ 5010 F----" N TTT N el
- / \ o \.
0.0 [ R | 1 I

212 210 208 206 204 202 200
Binding energy (eV)

Figure 8.10: Depth-dependence of the Nb 3d core-level spectra measured on a Nb(110) single
crystal oxidized in clean water during 10h (after having seen the air for 10h at RT) for incident
photon energies hv = 270,650, 700 and 900eV. The curves are vertically shifted for clarity.
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predominates for all incident energies, and the Nb metal component appears only slightly
at high photon energy. This indicates a sensibly thicker oxide layer than after atmospheric
oxidation at RT, as expected from previous studies [89], and in agreement with the XRR

results discussed before.
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Figure 8.11: Nb 3d core-level spectra measured on a Nb(110) single crystal oxidized in clean
water during 10h (after having seen the air for 10h) (O) and fit (solid line). The NbaOj5 doublet,
main component of the oxide layer, is shown.

Fig. 8.11 illustrates the deconvolution of the core-level spectra measured at hr = 270
eV. The NbyO5 doublet has been fitted using Doniach-Sunjic line shapes convoluted with
Gaussian functions [182] (Sec.4.5). A parabolic background was included in the fit. The
fitting parameters obtained are summarized in Tab. 8.3. The area ratio between the 3d*/?
and 3d°/? levels follows the theoretical intensity ratio between doublet components ~ 0.67

and the spin-orbit splitting is found to be 2.74 eV, in good agreement with literature

Peaks | BE « I o Rel. area FWHM
(eV) (eV) (eV) (eV)

3d°/? 0 0 035 0.82 1 1.02

3d3% | 274 0 048 0.82 0.66 1.11

Table 8.3: Fitting parameters for the Nb 3d core-level spectra of the Nb(110) sample after wet
oxidation at 270eV.



152 Complementary experimental results

values (see Appendix A). The lorentzian FWHM of the 3d%/? peak is larger then the one
of the 3d°/? level as reported for the Nb levels [190]. An asymmetry parameter o equal
to zero is consistent with the dielectric nature of NbyOs. The decomposition of the data
measured at hrv = 900eV reveals the presence of NbO,y, NbO and interfacial components as
observed as for the atmospheric oxide layer on Nb(110) (see section 6.1), however, they lie
under the background line and will not be discussed further. Previous X-ray photoemission
spectroscopy studies on the oxidation of niobium report a chemical shift of about 0.3 eV
toward higher binding energies for the Nb,O5; component with respect to the Nb component
for the oxidation in H,O in comparison to the dry oxidation [90,199]. In this work the
chemical shift observed for the NbyOs component with respect to the Nb component was

identical after atmospheric and wet oxidation.

Low-temperature UHV thermal treatment

The core-level spectrum measured after heating at 145°C (4h, UHV) is presented in Fig.
8.12, the data on the wet oxide are shown for comparison (normal emission, hv=650eV).
Fig. 8.13 shows the evolution of the Nb 3d spectra as a function of the incident photon
energy. The decomposition of the spectrum reveals mainly three different components: the
niobium metallic doublets (black) and two components shifted by 4eV and 5.5eV toward
higher binding energies, respectively attributed to NbOy (blue) and NbyOj5 (red) doublets
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Figure 8.12: Nb 3d spectra of the Nb(110) sample oxidized in water after heating at 145¢C
(4h,UHV) (O) and fit (solid line) for hv = 650eV, the as prepared data are shown for comparison
(dashed line). The NbyOs, NbO2, NbO and Nb doublet energies are indicated.
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(see Tab. 4.2). After heating at 145°C, the wet oxide layer on Nb(110) partially reduces
from NbyOj5 to NbO,, showing similar behavior as for the sample oxidized in air as discussed

in section 6.2.1.

The relative area of the different oxide Nb 3d%/? components with respect to the bulk
Nb 3d®? component as a function of the incident photon energy is shown in Fig. 8.13
(b). The most pronounced decrease with increasing the photon energy is observed for the
NbyO5 component, indicating that this is the outermost layer, located on top of NbOs,.
The NbO component appears only for an incident photon energy of 1300eV, which is sign
of its buried location at the metal/oxide interface. This observation is in agreement with

the layered model proposed in the XRR analysis.

The temperature evolution of the Nb 3d core-level spectra is plotted in Fig. 8.14 for a
subsequent vacuum annealing at 300°C (1h), and at 800°C (5min.) (incident photon energy
= 650eV). The data were recorded after cooling the sample down to room temperature.
After heating at 300°C, the data show the further dissolution of the NbyOs and NbO,
toward NbO, which itself dissolves at 800°C, giving rise to similar features at intermediate
binding energy between NbO and the metallic peak, as observed for the Nb(110) surface
oxidized in air 6.2.2. This component, can be in first attempt assigned by extrapolation

of the relationship between the valence of the niobium oxide states and the corresponding



154 Complementary experimental results

5x10° — T T T T T T T T T T T T T
| ——800°C (5min.)
——300°C (1h)
ax10° L —— 145°C (ah) -

—— As prepared

3x10°

2x10°

Intensity (arb. units)

1x10°

—

0 ] - = :
214 212 210 208 206 204 202 200

Binding energy (eV)

Figure 8.14: Nb 3d spectra of the Nb(110) sample oxidized in water after heating at 145°C
(4h,UHV), at 300°C (1h), and at 800°C (min.) for hv = 650eV. The NbyOs, NbO and Nb
doublets are shown (see text for details).

chemical shifts, to the suboxide NbyO (see also the discussion in 6.2.2).

8.3.3 Discussion

Numerous similarities are observed for the oxidation of Nb(110) single crystals in air and
in water at room temperature. The layered system suggested from the XRR analysis on
the wet oxide, with NbyOs5, NbOy and NbO from the surface to the interface, has been
confirmed by the HRCLS results recorded after heating at 145°C. NbyOs5, highest oxidation
state of niobium predominates both oxide layers, and is present as outermost oxide species.
The progressive dissolution of the oxide layer from NbyO5 to NbOsy after heating at 145°C,
and to NbO after heating at 300°C show an identical trend as for the Nb(110) and Nb(100)
surfaces initially oxidized in air.

The Nb,Oj layer, as well as the total wet oxide layer, are however sensibly thicker (~ 30
A and ~ 45 A resp.) than the natural oxide observed after oxidation in air (10h). The
amount of oxygen uptake by the surface was shown to be much higher when the surface
is exposed to HyO than when it is exposed to Oy [118]|. In the same way, the oxidation
of niobium in HyO was reported to be much faster compared to dry oxidation [90], with a
passivating layer of approximately 50 A obtained rather fast. The results for the oxidation
in air given in this work included data up to only 10h of immersion in air, which can not

directly be compared with 10h in air and 10h subsequently in HoO. However, one knows
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that the oxidation rate of niobium in air slows down drastically after the formation of
the first 20 A [15,89], as already discussed in section 8.1.3. This trends indicates that
the Nb(110) surface immersed for 20h in air would not grow much thicker than 20 A, as
observed for the oxidation of Nb(100) in air. The oxidation of Nb(110) can therefore most
probably be concluded to be much faster in water than in air, reaching a thickness close to
the passivating thickness after 10h already. The predominance of the NbyOj5 layer in the
wet oxide is in agreement with the observation made in [199], where NbyOs5 is continuously
growing till about 50 A, while up to a 20 A thick oxide the NbO layer stays small (~ 4 A)
and constant. The NbyOj5 surface formed by oxidation in HyO was reported to be covered
by a Nb-OHHOH layer [89,199|, which facilitates the incorporation of oxygen ions into the
NbyOs matrix. This is accompanied by a larger defect density in the oxide. In line with
this observation, both NbyOj layers involved in the three and four layer model discussed
in section 8.3.1 for wet oxide structure, present a reduced electron density as compared to
the bulk density of amorphous NbyOs.



Chapter 9

Summary and conclusions

In this work, the near surface structure of oxidized niobium single crystals and its evolution
upon vacuum annealing has been studied by means of complementary non-destructive in-
situ surface sensitive X-ray techniques. For the first time, the cutting-edge combination of
X-ray reflectivity (XRR), grazing incidence X-ray diffraction (GIXD), diffuse X-ray scatter-
ing (GIDXS), crystal truncation rods measurements (CTRs), and high-resolution core-level
spectroscopy (HRCLS), has enabled the simultaneous characterizations of the oxide layer,
and of the depth-distribution of the interstitial oxygen atoms dissolved underneath.

The natural oxide layer formed on Nb(110) single crystals oxidized in air and its evolu-
tion with increasing temperature (145-800°C) has been investigated in chapter 6, applying
this approach. The natural oxide presents a layered structure, constituted of NbyO5, NbO,
and NbO, from the surface to the interface. These oxides are unstable for vacuum ther-
mal treatments and their progressive dissolution is initiated by the reduction of NbyOj
to NbO,. The reduction process takes place at the interface between both oxides. After
heating at 145°C (5h, UHV) the NbO, layer thickness increases by 7%. At temperatures
above 300°C, both NbyOs and NbO, reduce to NbO.

The NbO observed at the metal /oxide interface presents epitaxial orientation relation-
ships with respect to the underlying substrate (see section 6.3). The NbO(111) planes are
parallel to the Nb(110) planes, and the in-plane directional relationship Nb[001]||NbO[110]
corresponds to the Nishiyma-Wassermann orientation. Evidences of the in-plane epitaxial
relationship are already observed in the natural oxide. With increasing temperatures, the
epitaxial NbO grows up to a three dimensional thin and highly strained oxide layer. Coex-
istence of the Kurdjumov-Sachs and Nishiyma-Wassermann orientations has been observed
for measurements realized at higher temperatures ( 1700°C). A qualitative description of
the interfacial atomic structure behavior upon heating has been given showing no signifi-
cant change for low temperatures, while drastic effects are observed after heating at 300°C.

This is the first evidence given to our knowledge of the unambiguous presence of NbOs,
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and strained epitaxial NbO oxides in the natural oxide layer on niobium surfaces, between
NbyO5 and the metal. This is a crucial observation for technological applications of niobium
and especially for the superconducting properties of rf cavities [144,200]. As niobium does
not release oxygen in the surrounding environment below 1600°C, the oxygen liberated
from the oxide dissolution gets dissolved into niobium across the metal/oxide interface.

The amount of oxygen released has been calculated and could be directly probed.

For the unambiguous monitoring of subsurface interstitial oxygen, the diffuse X-ray scat-
tering from the characteristic strong local lattice distortions occurring around interstitial
oxygen defects in the niobium host lattice have been exploited. These distortions couple to
the intrinsic instability of the bce niobium lattice toward the w-structure, thereby producing
pronounced maxima of the distortion-mediated diffuse X-ray scattering at Q*:g(l, 1,1).
In chapter 7, it has been demonstrated that the monitoring and quantitative analysis of
these diffuse maxima by grazing incidence diffuse X-ray scattering provide a detailed pic-
ture on the emergence of interstitial oxygen close to the niobium surface. A comprehensive
depth-resolved oxygen-induced diffuse scattering analysis has been developed in the DWBA
approximation formalism, together with a fitting routine that has been applied successfully
to the analysis of various data sets. The depth-distribution of interstitial oxygen below the
natural oxide layer of the Nb(110) surface initially oxidized in air, and its evolution after
heating at 145°C, has been established. Assuming an exponential profile, the decay length
of the interstitial oxygen below the oxide layer is found to be inferior to 1 nm, indicating
that most of the oxygen is located in the direct vicinity of the oxide/niobium interface.
The net interstitial oxygen enrichment observed in the first 10 nm below the interface
after heating is consistent which the amount of oxygen released by the oxide dissolution.
From the results given in chapter 6 and 7, a first insight into the interplay between oxide

formation /dissolution and the occurrence of interstitial oxygen has been given.

The role of the interstitial oxygen in the oxidation process has often been pointed out
in literature. In section 6.5 the particular case of the transformation that occurs from the
oxygen-induced w-phase observed for randomly distributed defects into niobium, toward
the NbO defective rock-salt structure, reported as first oxidation step on niobium surfaces
by various authors, is discussed. A transformation path is proposed and the precursor role

of niobium sub-oxide species assigned in a first attempt to NbyO, is discussed.

The oxidation of niobium surfaces, and metals in general, is sensitive to various pa-
rameters such as the surface orientation or the oxidation active environment. In chapter
8 complementary results are presented on three different systems. In section 8.1 Nb(100)
singles crystals oxidized under atmospheric conditions at room temperature have been
studied by mean of XRR and GIDXS. The natural oxide layer observed after 14 days in air
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at room temperature, presents a similar sequence of niobium oxides as the one observed
on the Nb(110) surface oxidized in air (10h, RT). The total thickness of the oxide is only
slightly larger. The oxide layer reduces following the same process with increasing temper-
ature, but faster. At 120°C (4h30), NbyO5 dissolves in profit of the growth of NbOs by up
to 20%. The total oxide layer thickness stays constant and no interstitial oxygen is liber-
ated from this rearrangement. In absence of oxygen release from the oxide dissolution, no
major change of the average concentration of interstitial oxygen was observed (see section
8.1.2), indicating that no depletion or segregation is taking place in average in the first 10
nm and 200 nm below the oxide. After heating at 200°C (6h), the striking observation of
a diffusion front from the metal/oxide interface toward the niobium bulk has been made.
The NbO layer left on the Nb(100) surface after heating at 300°C, grows faster, and in
contrast with the Nb(110) sample, is accompanied by an increase in subsurface oxygen

visible up to 200 nm.
In section 8.2, in-situ GIDXS measurements performed during annealing of the Nb(110)

surface oxidized in dry oxygen atmosphere have been described. The results indicate that
the oxide dissolution occurring at temperatures above 300°C proceeds via dissolution of
the NbOy oxide into Nb and interstitial oxygens, followed by the growth of NbO at higher

temperature, rather than as a direct transformation from NbOs into NbO.

In section 8.3 the Nb(110) surface oxidized in pure water has been investigated by
mean of XRR and HRCLS. As reported in literature, the oxidation process in water is
enhanced by the presence of hydrogen, and gives rise to highly defective oxides. The wet
oxide observed after 10h in pure water (after 10h in air) observed at the Nb(110) surface
is 44 A thick, which is close to the passivating thickness reported in literature for niobium
oxide. The oxide presents a similar sequence of niobium oxide layers as observed for the
two previous systems, mainly composed of NbyOs (30 A), and similar dissolution with
increasing temperature. The epitaxial orientation relationships of the oxide layer with
respect to the underlying niobium for the two systems discussed in chapter 8 have not

been studied yet.

The overall results demonstrate how sensitive the oxygen distribution and its chemi-
cal /physical state in the surface and subsurface regime of niobium is with respect to the
the oxidation conditions, the temperature and duration of the thermal treatments applied.
The amount of subsurface interstitial oxygen is shown to be a sensible balance between the
oxygen release from the oxide reduction and the oxygen diffusion into the niobium bulk.

Recent tests on a superconducting single crystal single-cell niobium cavity [201], show
similar improvements in the cavity performances after a low-temperature treatment as ob-

served on polycrystalline niobium cavities. The choice of single crystalline samples made in
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this work, which restrained the complexity of the system investigated, from grain boundary
effects for example, has been thereby fully comforted.

For the investigation of clean niobium surfaces, high temperature annealing (~ 2000°C)
are required. For this purpose a new high-temperature setup has been constructed and
implemented in the transportable UHV diffraction chamber allowing in-situ experiments
5.2. Temperatures up to 2000°C have been reached successfully for repeated cycles and ex-
ploited during various beamtime. The best vacuum that could be maintain in the chamber
for few minutes at 2000°C is ~ 5.10~7 mbar. Traces of NbO structures that originates from
interstitial oxygen segregation from the bulk could not be avoided. Future improvements
of the setup are planned.

The weak intensity of the scattering of interest, measured in addition under grazing
incidence geometry, or the high-resolution required to distinguish between different chem-
ical states at the niobium surface, require the use of highly brilliant synchrotron radiation
sources. The measurements presented in this work have been carried out at the Max
Planck Institute for Metals Research beamline at ANKA, Karlsruhe (Germany), on the
beamline ID32 at the ESRF, Grenoble (France), and at the 1311 beamline of the Max-Lab
synchrotron source, Lund (Sweden).

This work has been realized in the framework of a collaboration between the Max
Planck Institute for Metals Research, Stuttgart (Germany), and the Département d’Astro-
physique, de physique des Particules, de physique Nucléaire et d’Instrumentation Associée,
DAPNIA, CEA, Gif-sur-Yvette (France).

The results presented in this work have important implications for technological ap-
plications of niobium, in particular for superconducting rf niobium cavities. Some of the
open questions mentioned at the beginning of the dissertation have been answered, but
some others have been raised. For the understanding of the low-temperature heating effect
on the performances achieved on superconducting rf niobium cavities, two crucial results
have been pointed out. The first one is that, contrary to prior expectations, no evidence of
oxygen depletion below the oxide layer has been noticed for the low temperature thermal
treatments and surface preparations investigated in this work. The second one is that the
oxide layer reduces from NbyOs5 to NbO, if the system is annealed at 120°C or 145°C for
a few hours. At the time the present manuscript is written, a renewed interest in the role

plaid by the oxide species at the surface of niobium cavities has already been stimulated.






Appendix A

XRR fit parameters

Layers RT 145°C 300°C 700°C
NbyO5 1.91 (0.5) | 2.19 (0.5) - -
NbO, | 2.82 (1.0) | 2.74 (1.1) - ;
NbO 3.25 (1.2) | 3.35 (1.4) | 3.37 (1.3) | 3.33 (1.7)
Substrate* | 3.85 (1.9) | 3.85 (1.9) | 3.85 (1.9) | 3.85 (1.9)

Table A-1: Fit parameters 26 [107°] (23 [1079]) for the results presented in sections 6.1 and 6.2
(photon energy E=9KeV). * fixed parameters.

Oxide RT RT 120°C 120°C 200°C 300°C
2 layers 3 layers 2layers 3layers 2layers 2layers
Nb2Os5 145 (5.3) | 1.55 (6.0) | 1.73 (5.0) | 1.80 (4.0) | 1.75 (5.0) | 1.57 (5.3)
NbO, 2.01 (5.3) 222 (6.8) | 217 (7.5) | 2.22 (6.8) | 2.28 (7.5) -
NbO - 2.74 (5.0) - 2.70 (5.0) - 2.54 (7.8)
Substrate* | 3.11 (13) | 3.11 (13) | 3.11 (13) | 3.11 (13) | 3.11 (13) | 3.11 (13)

Table A-2: Fit parameters 20 [107°] (23 [10~7]) for the results presented in section 8.1.1 (photon
energy E=10KeV). * fixed parameters.
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Table A-3: Fit parameters 20 [10~5] (23 [10~7]) for the results presented in section 8.1.1 (photon

Oxide RT RT 300°C 2000°C
4 layers 3 layers
Overlayer | 1.98 (5.6) - - -
NbyOs | 1.57 (4.0) | 1.4 (2.0) | L51 (6.0) .
NbO, | 2.22 (6.8) | 2.22 (6.8) | 2.20 (6.1) ;
NbO | 2.81 (9.7) | 2.78 (9.6) | 2.75 (9.6) | 2.78 (9.0)
Substrate* | 3.11 (13) | 3.11 (13) | 3.11 (13) | 3.11 (13)

energy E=10KeV). * fixed parameters.
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HRCLS fitting parameters

Peak | BE r « o | Rel. Area | FWHM

(eV) | (eV) (eV) (eV)
1 202.18 | 0.05 | 0.13 | 0.43 1 0.51
2 204.92 | 0.25 | 0.13 | 0.43 0.68 0.65
3 202.51 | 0.04 | 0.14 | 0.95 0.81 1.10
4 205.25 | 0.25 | 0.13 | 0.95 0.54 1.22
5 203.03 | 0.06 | 0.18 | 0.90 0.37 1.09
6 205.77 1 0.26 | 0.18 | 0.90 0.24 1.24
7 203.55 | 0.05 | 0.13 | 0.47 0.04 0.57
8 206.29 | 0.25 | 0.13 | 0.47 0.02 0.71
9 204.03 | 0.25 | 0.15 | 1.5 0.61 1.86
10 | 206.77 | 0.45 | 0.15 | 1.5 0.40 2.01
11 ] 206.24 | 0.36 | 0.04 | 1.42 1.17 1.68
121 208.99 | 0.42 | 0.04 | 1.42 0.74 1.71
13 120768 | 036 | 0 |0.92 5.54 1.13
14 121042 | 054 | 0 | 0.92 3.70 1.24

Table A-4: Fit parameters for the Nb 3d spectrum shown in Fig. 6.2 (middle panel : En. =

650eV).
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Peak | BE r o o | Rel. Area | FWHM

(@) | (ev) (V) (V)
1 202.14 | 0.06 | 0.15 | 0.28 1 0.36
2 204.88 | 0.26 | 0.14 | 0.27 0.64 0.52
3 202.47 | 0.06 | 0.14 | 0.27 0.15 0.35
4 205.22 | 0.26 | 0.15 | 0.26 0.10 0.51
5 202.99 | 0.06 | 0.15 | 0.72 1.99 0.85
6 205.73 | 0.26 | 0.15 | 0.76 1.32 1.05
7 1203.62 | 0.15 | 0.15 | 0.99 9.48 1.22
8 206.37 | 0.40 | 0.15 | 1.01 6.39 1.43
9 204.84 | 0.22 | 0.00 | 0.63 0.59 0.76
10 | 207.58 | 0.46 | 0.00 | 0.67 0.40 0.96
11 206.20 | 0.40 | 0.04 | 1.35 1.01 1.62
12 | 208.95 | 0.65 | 0.04 | 1.38 0.68 1.83

Table A-5: Fit parameters for the Nb 3d spectrum shown in Fig. 6.8 (middle panel : En. =

400eV)).
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GIXDS fit parameters

Parameter RT | 145°C
Background 94 95
Oxide:

FWHM (r.l.u.) 0.2 0.2
Position (r.l.u.) 0.55 0.55

FExponential decay :
Bulk concentration | 1.7E-5 | 1E-5
Amplitude 1.59 1.58
Shift 1.57 1.43
Decay length (nm) 0.51 0.85

Table B-1: Fit parameters for the depth-resolved grazing incidence diffuse X-ray data shown in
Fig. 7.20 and 7.23.



List of acronyms

AES
ANKA
BCC
CTR
CEA
DC
DWBA
ESRF
FCC
FWHM
GIDXS
GIXD
GIXS
HRCLS
HV
LEED
MF
MPI
RRR
RT
STM
SXRD
TDS

Auger Electron Spectroscopy
Anstromquelle Karlsruhe

Body Centered Cubic

Crystal Truncation Rod

Commissariat a I’Energie Atomique
Direct Current

Distorted Wave Born Approximation
European Synchrotron Radiation Facility
Face Centered Cubic

Full Width at Half Maximum

Grazing Incidence Diffuse X-ray Scattering
Grazing Incidence X-ray Diffraction
Grazing Incidence X-ray Scattering

High Resolution Core Level Spectroscopy
High Vacuum

Low Energy Electron Diffraction
Metallforschung

Max Planck Institute

Residual Resistivity Ratio

Room Temperature

Scanning Tunneling Microscopy

Surface X-ray Diffraction

Thermal Diffuse Scattering
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UHV
UPS
XPS
XRR

Ultra High Vacuum

Ultraviolet Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy
X-ray reflectivity
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Résumé, Zusammenfassung, Abstract

Résumé

Les projets de Collisionneur International Linéaire et de lasers X a électrons libres reposent
sur les performances des cavités supraconductrices radiofréquences en niobium pour une ac-
célération efficace des particules. Une remarquable amélioration du champ accélérateur est
couramment obtenue aprés un traitement des cavités a basse température (T<150°C pour
plusieurs heures). L’origine microscopique de cet effet est jusqu’a présent indéterminée;
cependant, il a été proposé qu’'une redistribution de 'oxygéne interstitiel au voisinnage
de la surface entre en cause. Ce travail présente une étude de surface de monocristaux
de niobium oxydés par différentes techniques in-situ et non-destructives aux rayons X:
réflectivité des rayons X, diffraction de rayons X en incidence rasante, diffusion diffuse,
mesures de tiges de troncature, et spectrométrie photoélectronique X. Un premier apergu
de 'interaction entre la dissolution/formation de I'oxyde et I'apparition d’oxygéne intersti-
tiel sous la couche d’oxyde est donné. La couche d’oxyde naturelle sur les surfaces Nb(110)
et Nb(100) est constituée de NbyOs, NbOy and NbO, de la surface vers l'interface. L’oxyde
chauffé sous vide se dissout progressivement de Nb,Os; en NbO, & basses températures, et
finalement en NbO a 300°C. L’interface Nb(110)/NbO(111) vérifie une relation d’épitaxie
de type Nishiyma-Wassermann. Le profil de concentration en oxygéne interstitiel indique
une région riche en oxygeéne dans le direct voisinage de 'interface niobium/oxyde. Aucun
appauvrissement en oxygeéne interstitiel n’a été observé sous la couche d’oxyde pour les
traitements thermiques a basse température et les préparations de surface étudiées.
Mots clés : Diffusion des rayons X en incidence rasante, rayonnement synchrotron,
oxygene interstitiel, oxydes de Niobium, réflectivité des rayons X, diffusion diffuse, spec-

trométrie photoélectronique X.

Zusammenfassung

Rontgenlaser und das zukiinftige ‘International Linear Collider’ Projekt basieren auf der
Leistungsfihigkeit von supraleitenden Niob hochfrequenz Kavitéten fiir effiziente Teilchen-

beschleunigung. Eine beachtenswerte Zunahme des hochfrequenz Beschleunigungsfelds
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wird normalerweise durch Tempern der Kavitdten bei moderaten Temperaturen erreicht
(T < 150°C, mehrere Stunden). Der mikroskopische Ursprung dieses Effekts konnte bis
heute nicht gekliart werden, jedoch wurde argumentiert, dass eine Umverteilung der Ober-
flichennahe Sauerstoff-Zwischengitteratome in Richtung des reinen Niob Kristalls eine
wichtige Rolle spielt. In dieser Arbeit wurde die Struktur von oxidierten Niob Einkristallen
nahe der Oberfliche und deren Entwicklung nach dem Tempern im Vakuum mittels zer-
storungsfreier oberflichensensitiven in situ Rontgenmethoden (Rontgenreflektivitéit, Ront-
genstreuung unter streifendem Einfall, diffuse Streuung, Crystal Truncation Rods und
hochauflésende Rumpfniveauphotoelectronen Spektroskopie) untersucht. Ein erster Ein-
blick in den Zusammenhang der Oxidschicht Bildung/Auflésung und dem Auftreten der
oberflichennahen Sauerstoff-Zwischengitteratome wurde gegeben. Die natiirliche Oxid-
schicht auf Nb(110) und Nb(100) Kristalloberflichen besteht aus NbaO5, NbOy und NbO,
(in dieser Reihenfolge von der Oberfldche zu der Niob-Einkristall Grenzflache). Die Oxid-
schicht wird durch Heizen sukzessive reduziert, von NbyO5 zu NbOy bei moderaten Temper-
aturen und zu NbO bei 300°C. Die Nb(110)/NbO(111) Grenzflidche weisst eine epitaktische
Nishiyama-Wassermann Orientierungsbeziehung auf. Die Tiefenverteilung der Sauerstoft-
Zwischengitteratome konnte ermittelt werden, die grosste Konzentration an Sauerstoff liegt
demnach an der Grenzfliche des Oxids zum Niobkristall. Es konnte kein Abnahme von
Sauerstoff unterhalb der Oxidschicht nach dem Tempern bei moderaten Temperaturen und
bei den untersuchten Oberflachenpréparierungen festgestellt werden.

Stichworter : Rontgenstreuung unter streifendem Einfall, Synchrotronstrahlung, Ober-
flichennahe Sauerstoff-Zwischengitteratome, Niob Oxide, Rontgenreflektivitat, Diffuse Streu-

ung, hochauflésende Rumpfniveauphotoelectronen Spektroskopie.

Abstract

X-ray free electron lasers and the future International Linear Collider project are based on
the performance of niobium superconducting rf cavities for efficient particle acceleration.
A remarkable increase of the rf accelerating field is usually achieved by low-temperature
annealing of the cavities (T<150°C, several hours). The microscopic origin of this effect
has remained unclear; however, it has been argued that a redistribution of subsurface inter-
stitial oxygen into niobium is involved. In this study, the near surface structure of oxidized
niobium single crystals and its evolution upon vacuum annealing has been studied by means
of non-destructive in-situ surface sensitive x-ray techniques: x-ray reflectivity (XRR), graz-
ing incidence x-ray diffraction (GIXD), diffuse scattering (GIDXS), crystal truncation rods
measurements (CTRs), and high-resolution core-level spectroscopy (HRCLS). A first in-

sight into the interplay between the oxide formation/dissolution and the occurrence of
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subsurface interstitial oxygen has been given. The natural oxide on Nb(110) and Nb(100)
surfaces is constituted of NbyOs, NbOy and NbO, from the surface to the interface. It
reduces progressively upon heating from NbyO5 to NbO, at low temperatures, and to NbO
at 300°C. The Nb(110)/NbO(111) interface presents a Nishiyma-Wassermann epitaxial ori-
entation relationship. The depth-distribution of interstitial oxygen has been established
indicating that most of the oxygen is located in the direct vicinity of the oxide/niobium
interface. No evidence of oxygen depletion below the oxide layer has been observed for the
low temperature thermal treatments and surface preparations investigated in this study.
Keywords : Grazing incidence X-ray scattering, synchrotron radiation, subsurface
interstitial oxygen, niobium oxides, X-ray reflectivity, diffuse scattering, high-resolution

core-level spectroscopy.
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