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ABSTRACT

Niobium is the primary material for fabricating superconducting radio-frequency
(SRF) cavities. However, presence of impurities and defects degrade the superconducting
behavior of niobium twofold, first by nucleating non-superconducting phases and second
by increasing the residual surface resistance of cavities. In particular, niobium absorbs
hydrogen during cavity fabrication and promotes precipitation of non-superconducting
niobium hydride phases. Additionally, magnetic flux trapping at defects leads to a normal
conducting (non-superconducting) core which increases surface resistance and negatively
affects niobium performance for superconducting applications. However, undelaying
mechanisms related to hydride formation and dissolution along with defect interaction
with magnetic fields is still unclear. Therefore, this dissertation aims to investigate the
role of defects and impurities on functional properties of niobium for SRF cavities using
first-principles methods.

Here, density functional theory calculations revealed that nitrogen addition
suppressed hydrogen absorption interstitially and at grain boundaries, and it also
decreased the energetic stability of niobium hydride precipitates present in niobium.
Further, hydrogen segregation at the screw dislocation was observed to transform the
dislocation core structure and increase the barrier for screw dislocation motion. Valence
charge transfer calculations displayed a strong tendency of nitrogen to accumulate charge
around itself, thereby decreasing the strength of covalent bonds between niobium and

hydrogen leading to a very unstable state for interstitial hydrogen and hydrides. Thus,



presence of nitrogen during processing plays a critical role in controlling hydride
precipitation and subsequent SRF properties.

First-principles methods were further implemented to gain a theoretical perspective
about the experimental observations that lattice defects are effective at trapping magnetic
flux in high-purity superconducting niobium. Full-potential linear augmented plane-wave
methods were used to analyze the effects of magnetic field on the superconducting state
surrounding these defects. A considerable amount of trapped flux was obtained at the
dislocation core and grain boundaries which can be attributed to significantly different
electronic structure of defects as compared to bulk niobium. Electron redistribution at
defects enhances non-paramagnetic effects that perturb superconductivity, resulting in
local conditions suitable for flux trapping. Therefore, controlling accumulation or
depletion of charge at the defects could mitigate these tendencies and aid in improving

superconductive behavior of niobium.
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CHAPTER 1

1 MOTIVATION

Niobium is the primary material for manufacturing superconducting radio-frequency
(SRF) cavities for many modern high-performance particle accelerators like International
Linear collider etc. The selection of the superconductor for SRF applications is based on
their operating temperatures requirement, typically in the range 1.8 — 4.2 K, to minimize
the surface resistance and provide and sustain high electromagnetic fields to accelerate
the charged particles inside the cavities. Niobium has the highest critical temperature (T.)
of all the pure elements (9.25 K), has high critical magnetic fields and is highly malleable
as it can be formed into complex shapes; thus, making it a prime candidate for SRF
cavities (Ford, Cooley, and Seidman 2013a). Furthermore, niobium has high enough
thermal conductivity which also plays a role in reaching high surface fields which can
become difficult if the thermal conductivity is too low (Aizaz et al. 2007). However,
niobium can readily absorb hydrogen, which may occupy interstitial sites or precipitate
into ordered hydride phases, depending on the hydrogen concentration and temperature,
significantly affecting its properties (Alefeld and VV6lkl 1978). Further, the phenomenon
of flux trapping at defects and impurities in niobium leads to a non-superconducting core
which plays an important role in degrading its performance (Aull, Kugeler, and Knobloch
2012). Thus, a great deal of attention has been dedicated to advance the performance of

SRF niobium cavities.



The performance of SRF cavities is measured in terms of the quality factor Q = G/R,
where the geometric factor G depends on the cavity geometry and R; is the average
surface resistance of the inner cavity wall, as a function of the accelerating gradient field
(Eacc) (Pashupati Dhakal et al. 2015). Typically, Nb cavities have a Q value in the range
of 10"°-10™. However, the absorbed hydrogen contaminates niobium and severely
degrades the cavity Q starting at very low accelerating fields itself thereby making these
SRF cavities useless (Knobloch 2003; Barkov et al. 2013). Formation of ordered hydride
phases leads to hydrogen embrittlement and also affects the superconducting properties
since the hydride phases are not superconducting above 1-2 K (Jisrawi et al. 1998;
Isagawa 1980). Furthermore, the SRF cavities operate in the superconducting state but
the presence of defects and other imperfections suppress the expulsion of magnetic field
and pin the field inside the material even after the external magnetic field is removed. As
a result, the trapped flux contributes to a normal conducting core and residual surface
resistance and decreases the quality factor (Vallet et al. 1992; Aull, Kugeler, and
Knobloch 2012). Therefore, the improvement in quality factor and acceleration gradients
of SRF cavities is critical in the development of current and future accelerators. Thus, in
the present work, the role of defects on functional properties of niobium for SRF cavities
were examined using first-principles methods. The effect of nitrogen doping on hydrogen
absorption and stability of hydride precipitate in niobium was investigated through
density functional theory calculations. Further, this work marks the first attempt to
understand the interaction between external magnetic field and lattice defects, i.e.,

vacancies, dislocations and grain boundaries in Nb within the first-principles framework.



CHAPTER 2

2 LITERATURE REVIEW AND RESEARCH OBJECTIVES

2.1 Literature Review

The presence of hydrogen in niobium leads to an increase of 1-2 orders of magnitude
in surface resistance, thereby causing a proportional decrease in Q. In addition to
interstitial sites, the absorbed hydrogen can readily segregate at lattice defects and grain
boundaries in niobium and lead to hydrogen embrittlement (Myers et al. 1992).
Unfortunately, many opportunities exist for hydrogen to get absorbed in niobium during
fabrication and processing of cavities (Barkov, Romanenko, and Grassellino 2012).
Buffered chemical polishing (BCP) or electropolishing (EP) is one of the possible
processing methods where niobium can get contaminated with hydrogen (Higuchi et al.
2001). Centrifugal barrel polishing (CBP) using water based solution, which is not
hydrogen free, also results in hydrogen contamination (Barkov, Romanenko, and
Grassellino 2012). Hydrogen reabsorption is also possible from the furnace upon
cooldown after baking at 600-800°C (Isagawa 1980; Faber and Schultz 1972). Hydrogen
concentration can be high near surface (~100 nm depth) since hydrogen can get trapped
near the surface due to elastic strains (Lagos, Martinez, and Schuller 1984; Smith 1980;
Cabrera et al. 2002; Romero, Schuller, and Ramirez 1998). The severity of the degrading
effects of hydrogen depends on the hydrogen concentration, cavity processing

temperature and the presence of other impurities and defects in niobium.
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Figure 1: Phase diagram of niobium with different atomic percentages of hydrogen
(Ricker and Myneni 2010).

Hydrogen forms different phases with niobium as shown in the niobium hydrogen
phase diagram in figure 1. The o and o’ are disordered hydride phases which exist at low
hydrogen concentrations. In disordered hydride phases, hydrogen is present at the
interstitial tetrahedral sites in body centered cubic (BCC) niobium and the phases differ
only in the lattice parameter based on hydrogen concentration. Ordered hydride phases
occur at higher hydrogen concentration and low temperatures, and consists of B, d and €
phases(Alefeld and Vo6lkl 1978). B-NbH has an atomic ratio H/Nb = 1, face centered
orthorhombic (fco) structure with niobium atoms at lattice sites and hydrogen atoms at

interstitial tetrahedral sites. 3-NbH, has a CaF; type face centered cubic structure with



H/Nb = 2 while e-Nb4H3 has H/Nb = 3/4 and an orthorhombic structure. The A phase has
an approximate ratio of 0.8 but no structural information is available and not well
established yet (Welter and Johnen 1977). It has also been found that multiple hydride
phases can exit simultaneously in niobium (Kim et al. 2013).

Many experimental methods like X-ray, neutron and electron diffraction, differential
thermal analysis (DTA), resistivity, susceptibility, optical microscopy, and transmission
(TEM) and scanning (SEM) electron microscopies have been used to study niobium -
hydrogen system for different hydrogen concentrations (Barkov, Romanenko, and
Grassellino 2012; Barkov et al. 2013; Trenikhina et al. 2015; Schober, Pick, and Wenz|
1973). Recently, first-principles using density functional theory (DFT) calculations are
also being performed to understand the niobium hydrogen interactions (Ford, Zapol, and

Cooley 2015).

2.1.1 Hydride Precipitates in Niobium SRF Cavities

Niobium hydride phases have been observed using laser and optical microscopy to
understand the effects of hydrides in SRF niobium cavities (Barkov, Romanenko, and
Grassellino 2012). Hydrides were observed in mechanically polished fine grain niobium
samples while hydrides were absent in chemically polished fine grain samples (EP or
BCP) (Barkov, Romanenko, and Grassellino 2012; Barkov et al. 2013). After polishing,
all the samples were baked at 800°C for 2 hrs in the vacuum furnace, then quickly cooled
down to 140 K and kept at that temperature for 3 hrs to study growth of hydride
precipitates. All the hydrides represented ~3 um high bumps on the surface but their

shapes were found to be dependent on the crystallographic orientation of each grain.
5



After holding the sample at 140 K for 3 hrs, it was further cooled down quickly to ~5 K
and smaller hydride precipitates were observed around ~100 K. These small hydrides
were observed at the grain boundaries (Barkov et al. 2013). High starting concentration
of hydrogen in the single crystal niobium samples leads to the presence of hydride phases
after EP or BCP treatments, indicating the requirement of hydrogen degassing (Barkov et

al. 2013).

Figure 2: Time evolution of hydride structures observed on a mechanically polished fine
grain sample at 140 K: (a) room temperature; (b) after 60s at 140 K; (c) 120 s; (d) 300 s;
(e) 900 s; () 2700 s; (g) 6000 s; (h) 10 800 s. Smaller hydrides were observed in (h)
(Barkov et al. 2013).

Formation of stoichiometric ordered niobium hydrides was studied using temperature
dependent nano-area electron diffraction (NED) and scanning electron nano-area
diffraction (SEND) techniques. SEND map along with TEM image was taken for an
electropolished fine grain niobium (~50 um) sample at a cryogenic temperature of 94K
(see figure 3). In figure 3(a), each square represents a sample area of diameter equal to

the diameter of the diffraction probe. It was found that e-Nb4H3 (see figure 3b) as well as

6



[B-NDbH (see figure 3c) diffraction patterns overlapped with [110] Nb respectively
(Trenikhina et al. 2015). Formation of nanoscale niobium hydrides near the surface at
low temperatures was seen for the first time using cryogenic NED and SEND techniques

(Trenikhina et al. 2015).

Figure 3: (a) SEND map of EP sample at 94 K using TEM, (b) e-NbsH3 overlapped with
NDb, (c) B-NbH phase overlapped with Nb and (d) e-NbsH3 and 3-NbH overlapped with
Nb (Trenikhina et al. 2015).

First principle calculations using density functional theory also show that hydrogen is
readily absorbed from gas phase into niobium by releasing 0.28 eV of energy. Hydrogen
atoms occupy interstitial tetrahedral sites and expand the crystal lattice. Niobium atoms
are displaced from their lattice sites by interstitial hydrogen creating lattice distortions

which decrease the structural stability of niobium (Alefeld and Volkl 1978). Furthermore,
7



ordered B—NDbH phase is energetically more stable than disordered hydride phase with the
same H/Nb atomic ratio of 1. Thus, phase transformation from disordered hydrogen in
BCC niobium to ordered B-niobium hydride phase occurs to minimize repulsion between
hydrogen atoms and maximize the charge transfer from niobium to hydrogen (Ford,

Cooley, and Seidman 2013a).

2.1.2 Nitrogen Doping to Suppress Hydrides in SRF Niobium Cavities

SRF cavities were doped with nitrogen for the first time by Grassellino et. al. in an
attempt to lower the surface resistance of SRF niobium cavities (A Grassellino and A
Romanenko and D Sergatskov and O Melnychuk and Y Trenikhina and A Crawford and
A Rowe and M Wong and T Khabiboulline and F Barkov 2013). Vacuum heat treatment
of SRF niobium cavities followed by material removal using electropolishing lowered
cavity surface resistance. The measured Q values for the cavity surfaces treated with
nitrogen followed by surface removal were significantly higher as compared to the
typical Q values for surfaces treated with standard methods (Gonnella and Liepe 2014;
Gonnella et al. 2014; Pashupati Dhakal et al. 2015; A Grassellino and A Romanenko and
D Sergatskov and O Melnychuk and Y Trenikhina and A Crawford and A Rowe and M
Wong and T Khabiboulline and F Barkov 2013). Also, the field dependence of Q
reversed and showed an extended anti-Q-slope, contrary to the standard medium Q-slope
behavior of SRF niobium cavities (see figure 4) (A Grassellino and A Romanenko and D
Sergatskov and O Melnychuk and Y Trenikhina and A Crawford and A Rowe and M

Wong and T Khabiboulline and F Barkov 2013).
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Figure 4: Comparison of quality factors versus accelerating field for nitrogen-treated
cavities and standardly adopted treatment (A Grassellino and A Romanenko and D
Sergatskov and O Melnychuk and Y Trenikhina and A Crawford and A Rowe and M
Wong and T Khabiboulline and F Barkov 2013).

First-principles calculations show that oxygen acts as a trapping site for hydrogen
atoms. In niobium, both hydrogen and oxygen have partially anionic character which
leads to their repulsive interactions and suppresses hydrogen-hydrogen interactions to
inhibit hydride formation. It has also been proposed that oxygen atoms in octahedral sites
and oxide layer can migrate to vacancies on the surface and prevent reabsorption of

hydrogen at vacancies (Ford, Zapol, and Cooley 2015; Ford, Cooley, and Seidman

2013a). Similar inhibiting effect is expected from interstitial nitrogen atoms, however



understanding about the effect of nitrogen on hydrogen absorption and hydride
precipitation in niobium is limited since such calculations have not been performed yet.
2.1.3 Flux Trapping in Superconducting Niobium

Externally applied magnetic field (Bex:) is completely expelled from the SRF cavities
as they operate in the Meissner state (see figure 5a). But the presence of defects or other
inhomogeneities like impurities, dislocations and grain boundaries can suppress the
expulsion of magnetic field during the transition to the superconducting state. As a result,
the field can get pinned inside the material even after the external magnetic field is

removed (see figure 5b).
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Figure 5: Comparison between the perfect Meissner effect and flux trapping (Aull,
Kugeler, and Knobloch 2012). Below T, (a) the superconductor expels all the applied
magnetic field (Meissner state), but (b) due to presence of defects and impurities field is
partially expelled and gets pinned inside the material even after the external source is

removed.
The flux is trapped mainly at the cavity walls in the form of flux tubes, which have a

normal conducting core. The unpaired electrons in the flux containing areas will cause

ohmic resistance which contributes to the residual surface resistance and decreases the
11



quality factor (Aull, Kugeler, and Knobloch 2012; Vallet et al. 1992). Aull et al. (Aull,
Kugeler, and Knobloch 2012) measured magnetic flux trapped in different niobium
samples to understand the impact of different treatments and operating conditions on flux
trapping. Samples 1-3 were polycrystalline with no treatment, with BCP treatment and
with BCP treatment followed by 800°C tempering respectively. Samples 4-6 were BCP
treated single crystal niobium with no tempering, 800°C tempering and 1200°C
tempering respectively. It was found that almost all the applied field was trapped in
sample 1 and sample 2 while the amount of trapped flux was less for other samples with

minimum trapping for sample 6.
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Figure 6: Trapped field vs applied field for all samples with different treatment methods
(Aull, Kugeler, and Knobloch 2012).
Many experimental methods have been applied so far to study niobium-hydrogen

system for different concentrations of hydrogen, however quantitative evaluation of
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hydrogen in SRF cavities is difficult and in situ observations have not been possible
(Barkov, Romanenko, and Grassellino 2012; Barkov et al. 2013; Schober, Pick, and
Wenzl 1973). Experimentally, nitrogen doping has been reported to improve the quality
of niobium for SRF cavities but the underlying mechanisms are still unclear (Pashupati
Dhakal et al. 2015; A Grassellino and A Romanenko and D Sergatskov and O Melnychuk
and Y Trenikhina and A Crawford and A Rowe and M Wong and T Khabiboulline and F
Barkov 2013; Gonnella et al. 2014). Furthermore, experimentally, it has been seen that
extent flux trapping depends on the concentration of impurities, various defects present
and the number of grain boundaries (Aull, Kugeler, and Knobloch 2012) but it has not

been possible to determine the contributions of each defect and impurity.

2.2 Research Objectives

The improvement in quality factor of niobium for SRF cavities is critical in the
development of current and future accelerators. The two major contributors to the surface
resistance and thus Q degradation of niobium are the presence of hydrogen/hydride
precipitates and magnetic flux trapping at defects in niobium. Therefore, the objectives of
this dissertation aim to address some of the critical questions about the role of defects and
impurities on properties of niobium for SRF cavities within the first-principles
framework:
1. Understanding the effect of nitrogen doping on hydrogen absorption and hydride
precipitates in body centered cubic niobium.

In the last few years the addition of dopant elements such as nitrogen has been

experimentally shown to significantly improve the quality factor of niobium SRF
13



cavities. One of the contributors to Q degradation can be presence of hydrides, however,
the underlying mechanisms associated with the kinetics of hydrogen and the
thermodynamic stability of hydride precipitates in the presence of dopants are not well
known. Using first principles calculations, the effects of nitrogen on the energetic
preference for hydrogen to occupy interstitial sites and hydride stability are examined
(Chapter 3). In particular, the presence of nitrogen significantly increased the energy
barrier for hydrogen diffusion from one tetrahedral site to another interstitial site.
Furthermore, the beta niobium hydride precipitate became energetically unstable upon
addition of nitrogen in the niobium matrix. These calculations show that the presence of
nitrogen during processing plays a critical role in controlling hydride precipitation and
subsequent SRF properties.

2. Investigate the effect of hydrogen segregation at dislocation core structure and grain
boundaries defects in niobium.

The low temperature plasticity of niobium is primarily controlled by the motion of
screw dislocation on the glide plane leading to increase in the yield stress with decreasing
temperature. Presence of interstitial impurities like hydrogen can alter the structure and
motion of dislocation core therefore significantly affecting the plastic behavior of
niobium. Additionally, grain boundaries act as preferential sites for impurity segregation
which can lead to intergranular failure at the interface along with degraded
superconducting properties. Thus, first-principles calculations were employed to
investigate the effect of hydrogen segregation at 1/2 (111) screw dislocation core and X5

symmetric tilt grain boundaries in Nb (Chapter 4). The screw dislocation core was
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observed to transform from a non-degenerate to degenerate dislocation core upon
addition of hydrogen. The valence charge transfer calculations indicated towards hydride
precipitation as a contributing factor to the stability of degenerate dislocation core
configuration upon addition of hydrogen. Further, presence of hydrogen increased the
energy barrier for dislocation motion leading to solute hardening and significantly
altering the plastic behavior of niobium. Additionally, nitrogen doping significantly
affected hydrogen segregation at niobium grain boundaries, however the suppressing
effect of nitrogen on hydrogen segregation was dominant only in the proximity of
nitrogen, approximately up to 2.6 A.
3. Assessing the role of different lattice defects and magnetic flux trapping in niobium.
Superconducting niobium operates in Meissner state and therefore expels the external
magnetic field; however, the lattice defects pin the field inside the material even after the
external field is reduced and thus reduces the effectiveness of niobium. First-principles
methods were used (Chapter 5) to gain a theoretical perspective about the experimental
observation that vacancies, dislocations, and grain boundaries are effective at trapping
magnetic flux in carefully prepared, high-purity superconducting niobium. Full-potential
linear augmented plane-wave methods were then used to analyze the effects of magnetic
field on these lattice defects. The simulations identified changes in electronic structure at
the dislocation core and within different types of symmetric tilt grain boundaries relative
to bulk niobium. Further, charge re-redistribution enhanced non-paramagnetic effects that
perturb superconductivity, resulting in local conditions suitable for flux trapping and

pinning.

15



CHAPTER 3

3 THE EFFECT OF NITROGEN ON HYDROGEN ABSORPTION AND HYDRIDE
PRECIPITATES IN NIOBIUM
3.1 Introduction
Niobium is used for manufacturing SRF cavities because it has both, the highest

lower magnetic field (H¢;~190 mT) and the highest superconducting transition
temperature (T, = 9.25 K) of any element as well as high ductility that enables forming of
complex shapes (Sung et al. 2017; Ford, Cooley, and Seidman 2013a). However,
hydrogen absorbed during chemical processing steps segregate near defects (point, line or
planar defects) or precipitate into hydride phases and degrade performance of niobium (A
Romanenko and L V Goncharova 2011; Hardie and Mclntyre 1973; Janisch and Elsasser
2003). Segregation of interstitial hydrogen atoms and hydride precipitation leads to
localized breakdown of surface superconductivity due to proximity coupling during
cavity operation at radio frequencies (Higuchi et al. 2001; Knobloch 2003; Barkov et al.
2013; Jisrawi et al. 1998; Isagawa 1980). Advances in cavity preparation techniques such
as high temperature heat treatments (>600°C) followed by low temperature baking
(120°C), diffusion of nitrogen into sub-surface layers of Nb have been developed to
improve the cryogenic efficiency (operation at higher accelerating fields) of current and
future accelerators (Barkov, Romanenko, and Grassellino 2012; Barkov et al. 2013;
Trenikhina et al. 2015; Schober, Pick, and Wenzl 1973; Pashupati Dhakal, Ciovati, and

Myneni 2017). For instance, recent experiments show significantly higher intrinsic
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quality factors, for cavity surfaces treated in a nitrogen atmosphere as compared to
surfaces with no nitrogen treatment (Gonnella and Liepe 2014; Gonnella et al. 2014; P
Dhakal et al. 2013; A Grassellino and A Romanenko and D Sergatskov and O Melnychuk
and Y Trenikhina and A Crawford and A Rowe and M Wong and T Khabiboulline and F
Barkov 2013; Pashupati Dhakal et al. 2018). Furthermore, the effect of nitrogen on the
radio frequency surface resistance and the trapped magnetic flux sensitivity (energy loss
mechanisms) has been reported to depend strongly on cavity processing techniques
(Gonnella, Kaufman, and Liepe 2016; Martinello et al. 2016). However, many
fundamental questions related to the kinetic and thermodynamic aspects of such
improvements remain elusive.

In general, the observed improvement in performance of nitrogen doped cavities can
be attributed to the reduction of surface resistance (Pashupati Dhakal et al. 2015;
Romanenko et al. 2013) and trapping of interstitial hydrogen by nitrogen that prevents
hydride nucleation (G Pfeiffer and H Wipf 1976; Romanenko et al. 2013). Hydride
formation leads to plastic distortions in the niobium lattice, which helps to easily observe
the (Barkov, Romanenko, and Grassellino 2012) hydride pits ex-situ due to strain contrast
in back scatter electron imaging under a microscope. Hydride formation in niobium wires
that underwent cavity relevant heat treatments, including a traditional 800°C/3 h heat
treatment (control), versus nitrogen doping/diffusion heat treatment was compared. The
nitrogen treatment involved, 800°C/3h heat treatment in vacuum followed by a two
minute flow of N, gas at a partial pressure of 5 mTorr after which the N, supply was shut,

and the sample was soaked at 800°C for six minutes. This recipe is commonly referred to
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as “8002N6” in the SRF community (A Grassellino and A Romanenko and D Sergatskov
and O Melnychuk and Y Trenikhina and A Crawford and A Rowe and M Wong and T
Khabiboulline and F Barkov 2013). The 8002N6 recipe with nitrogen diffusion through
the surface of the wire show low hydride pit concentration in regions where nitrogen
concentration is higher (Figure 7a and 7b) (Balachandran et al. 2017). Within the first 50
pm from the surface, a 60% decrease in the density of hydrides was observed in the
niobium coupons treated in a nitrogen atmosphere compared to the control sample

(Figure 7c).
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Figure 7: Microstructure of niobium coupon samples treated (a) without nitrogen
atmosphere and (b) in nitrogen atmosphere show low hydride concentration for the
nitrogen treated niobium surfaces. (c) The hydride density measured from the surface is
nearly constant in the 800°C-3h (control) sample, and lower in the sample where surface

N concentration is higher even up to distances of 50um.

These observations provide the opportunity to seek a better mechanistic

understanding of how nitrogen doping influences the Kinetic stability of hydrogen and the
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thermodynamic stability of hydride precipitates in niobium. Thus, the goal is to
understand the mechanisms associated with interstitial nitrogen acting as a trapping site
for hydrogen and how it inhibits hydride precipitation in niobium as observed in
experiments. Therefore, first-principles calculations were used to examine the effect of

nitrogen on hydrogen absorption and the stability of hydride precipitates in niobium.

3.2 Computational Details

First-principles calculations were performed using the Vienna Ab-initio Simulation
Package (VASP) based on the density functional theory (DFT) (Georg Kresse and Hafner
1993; G. Kresse and Hafner 1994). The projector augmented wave (PAW)
pseudopotentials (Bléchl, Jepsen, and Andersen 1994; Georg Kresse and Furthmller
1996) using Perdew-Burke-Ernzerhof (PBE) (Blochl 1994) exchange-correlation
formulation were used to represent the nuclei and valence electrons of Nb, including six
of the 4p electrons. A plane wave basis set with an energy cutoff of 550 eV, 350 eV and
550 eV were used for niobium, hydrogen and nitrogen atoms, respectively. The
Monkhorst-Pack K-point mesh of 12 x 12 x 12 was employed to carry out the Brillouin-
zone integrations (Monkhorst and Pack 1976) and the ions were relaxed with a force and
energy convergence criteria of 0.01 eVA™ and 10 eV respectively. The calculated
niobium lattice parameter of 3.31 A was found to be in good agreement with the reported
experimental and theoretical values (Alefeld and Vélkl 1978; Ford, Cooley, and Seidman

2013D).
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3.3 Results
3.3.1 Suppression Effect of N Doping on Binding of H in Nb

Absorption of hydrogen and nitrogen is energetically favorable at interstitial
tetrahedral (T) and octahedral (O) sites in niobium (-0.28 eV and -1.98 eV), respectively.
A 2 x 2 x 2 body centered cubic niobium supercell (16 niobium atoms) was used to
examine the binding behavior one hydrogen and one nitrogen atom within the niobium
lattice, i.e. a concentration of 1/16. The binding energy (AE) for hydrogen at different
interstitial sites in niobium with a nitrogen atom located at an octahedral site was
calculated using the following equation:

AE = Enp, N,H, — (Enpyen, + 0.5 % Eg,) (1)
where Eyy,, N, 1, Fépresents the energy of the niobium lattice with nitrogen and hydrogen
atoms present at their respective interstitial sites, Exp,, n, represents the energy of
niobium lattice with a nitrogen atom doped at an octahedral site and Ey, represents the
energy of hydrogen in gas-phase. Negative values of the AE implies that hydrogen
binding is energetically favorable, while positive values indicate that it is favorable for
hydrogen to leave the interstitial site and go into another favorable site.

For the case of hydrogen doped at different tetrahedral sites near nitrogen, it was
found that hydrogen binding was no longer energetically favorable at sites T1 and T2,
identified in Figure 8. However, the binding energy gradually decreased and became
negative for the interstitial sites located away from nitrogen, such as T3, T4 and O sites,
as shown in Figure 8. Thus, nitrogen suppressed hydrogen binding in niobium, but the

level of suppression gradually diminished for hydrogen present at interstitial sites farther

21



away from nitrogen, approximately 2.5 A. Furthermore, the suppressing effect of
nitrogen is dependent on the local concentration of both nitrogen and hydrogen present in
niobium. Interestingly, both T4 and O interstitial sites away from nitrogen were found to

have similar binding energies for hydrogen binding in niobium.
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Figure 8: Plot of the binding energy of hydrogen at four different tetrahedral sites and one
octahedral site near a nitrogen atom located at an octahedral site in niobium versus
distance of interstitial sites away from the nitrogen atom. Niobium, hydrogen and
nitrogen atoms are represented by dark grey, red and blue spheres, respectively.

To understand the effect of nitrogen on the binding energy of hydrogen in niobium,

the electronic structure of bulk niobium with interstitially absorbed hydrogen and

nitrogen atoms was examined using the electronic density of states (DOS) and valence
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charge transfer calculations. This provides insights into the changes in bonding between
the interstitial and the host metal atoms. The DOS curve describes the number of states
available to be occupied per interval of energy at each energy level (Pronsato, Pistonesi,
and Juan 2004). To calculate the valence charge transfer resulting from the addition of
different interstitial atoms, the ground state non-interacting valence charge densities were
subtracted from the valence charge density of the interacting system (P. Garg, Adlakha,
and Solanki 2018; P. Garg et al. 2017). Thus, the valence charge transfer (Ap) was

calculated as:
Ap = PNb-H-N — PNb — PH — PN (2)

where pnp—_g—n represents the valence charge density of interacting Nb-H-N system, and
Pnb. Pu and py represent the valence charge density of non-interacting and isolated
niobium, hydrogen and nitrogen atoms, respectively. The VESTA (visualization for
electronic and structural analysis) software package (Momma and Izumi 2008) was used
to extract and visualize the valence charge transfer contours from the first-principles
calculations.

First, the DOS curve of bulk niobium with interstitially absorbed hydrogen was
examined, i.e., without nitrogen atoms. The DOS curve shows an overlap between the
states of niobium and hydrogen at -7 eV indicating the formation of covalent bonds
between niobium and hydrogen atoms see figure Ala in appendix. A similar overlap
characteristic of covalent bonding has been reported in previous studies for various metal
hydride systems (Aboud and Wilcox 2010; Gupta 1982; Pulkit Garg et al. 2018). The

covalent bonding was further verified by assessing the valence charge density around
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niobium and hydrogen atoms shown in figure Alb in appendix. Here, the valence charge
around black niobium atoms was attracted towards the orange hydrogen atom (from the
cyan toward the yellow iso-charge surface), contributing to the energetic preference of
forming a covalent bond. However, in the presence of nitrogen at an O site (blue atom
that appears gray) and hydrogen at the T1 tetrahedral site, the states of nitrogen
overlapped with the states of niobium and hydrogen (Figure 9a). As a result, the
interactions between the states of niobium and hydrogen were interrupted by the presence
of nitrogen, suggesting a decrease in the extent of covalent bonding between niobium and
hydrogen atoms. Also, the development of repulsive interactions due to the accumulation
of valence charge between hydrogen and nitrogen atoms (yellow iso-charge surface,
Figure 9b) made the structure energetically unstable. This indicates a positive energy for
hydrogen binding at the T1 site in bulk niobium with a nitrogen atom at an O site. Similar
effects of nitrogen on covalent bonding between niobium and hydrogen were observed
when hydrogen was present at the T2 tetrahedral site (Figure 9¢). However, the repulsive
interactions between nitrogen and hydrogen are weaker, indicated smaller binding
energy, due to the increased distance between them at the T2 site (Figure 9d). When a
hydrogen atom is located at a T4 or O site, states of niobium and hydrogen overlapped
(Figure 9e), irrespective of the presence of nitrogen in bulk niobium. Thus, the
interactions between niobium and hydrogen were not affected by nitrogen and the
covalent bonding between niobium and hydrogen atoms was conserved when hydrogen
atom was present away from nitrogen. Furthermore, the valence charge accumulated

around the hydrogen and the nitrogen atom was attracted towards the charge depleted
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region (cyan iso-surface, Figure 9f-g) between them, contributing to the energetic

preference of hydrogen to occupy T4 or O site in niobium.
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Figure 9: (a) DOS and (b) charge transfer of Nb,sN; with an H atom at the T1 site. (c)
DOS and (d) charge transfer of Nb,N; with H atom at T2 site. (¢) DOS for Nb,,H;
compared to the DOS of Nb;¢N; with one H atom at the T4 site and for one H atom on
the O site. (f, g) The valence charge transfer plots for Nb;¢N; with H atom at T4 site and
O sites, respectively. Yellow and cyan iso-charge surfaces represent 0.027e/A® of charge
accumulation and depletion, respectively in (b), (d), (f) and (g). Niobium atoms are
represented by black spheres in the valence charge transfer contours.
3.3.2 Effect of N on H Diffusion in Nb

Next, the effect of nitrogen on the kinetic stability of hydrogen in the niobium lattice
was investigated. It is critical to study the effect of nitrogen on the activation energy
barrier for hydrogen diffusion as it affects the migration and retention of hydrogen in
bulk niobium. To determine the activation barriers and the minimum energy pathways
associated with hydrogen diffusion, the nudged elastic band (NEB) method (Henkelman
and Jonsson 2000) was used within the DFT framework. The NEB calculations were
performed using the fast-inertial relaxation engine (FIRE) optimizer (Bitzek et al. 2006)
with eight intermediate images, selected after reaching convergence based on the number
of images. Other input parameters and convergence criteria were kept the same as for the
ground state calculations. In the niobium lattice, the activation energy barrier for
hydrogen diffusion from one tetrahedral site to the nearest tetrahedral site was found to
be 0.18 eV (Figure 10a), which compares well with the reported literature value (Lu et al.
2012). However, with the addition of nitrogen, the activation energy barrier along the

minimum energy path for hydrogen diffusion in the niobium lattice increased

significantly as shown in figure 10b. In the presence of nitrogen in niobium, a hydrogen
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atom will diffuse from one tetrahedral site to the 2" nearest tetrahedral site, not the
nearest tetrahedral site, via a metastable octahedral site with an activation energy barrier
of 0.457 eV. Thus, nitrogen increases the energy barrier for hydrogen diffusion and

hence, decreases the rate of hydrogen diffusion in bulk niobium.
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Figure 10: Activation energy barrier for hydrogen diffusion from one tetrahedral site to
another (a) in bulk niobium and (b) in niobium near a doped nitrogen atom. Niobium,
hydrogen and nitrogen atoms are represented by black, orange and blue spheres,
respectively.
3.3.3 Effect of N Doping on Hydride Stability in Nb

In addition to the thermodynamic and kinetic stability of hydrogen, nitrogen also
affects the stability of hydride precipitates in niobium. Therefore, studying the effect of
nitrogen on the stability of beta niobium hydride (3 — NbH) precipitates and why the low
hydride concentration in nitrogen treated cavity surfaces will provide understanding that
can lead to increased niobium cavity performance. To accomplish this, a f — NbH unit

cell (Figure 11a) was introduced in 3 x 3 x 3 periodic replication of the niobium unit cell

rotated along [110] and [110] direction (108 atoms) (Figure 11b). Next, the niobium
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matrix embedded with a p — NbH precipitate was energetically relaxed to obtain an
equilibrium structure followed by introducing nitrogen at different interstitial sites in
niobium. The formation energy (AE) of nitrogen at different interstitial sites in niobium
embedded with a p — NbH precipitate was calculated according to the following
equation:

AE = Enear — Eaway (3)
where Epear and E, .,y represent the total energy of the niobium matrix embedded with
B — NbH precipitate and doped with a nitrogen atom at different octahedral sites near and
away from the hydrogen atoms, respectively. Thus, a positive value of AE represents a
decrease in the energetic stability of hydride precipitates in the niobium matrix when
doped with nitrogen atom. The positive formation energies in Table 1 suggest that

nitrogen decreased the stability of  — NbH precipitate in the niobium matrix (Table 1).

Table 1: The formation energy of niobium matrix embedded with B — NbH precipitate
and doped with nitrogen atom at different interstitial sites with respect to the nitrogen

atom doped far away from the hydrogen atoms.

Position of N AE (eV)
Octa 1 0.93
Octa 2 0.78
Octa 3 1.45
Octa 4 1.19
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The decrease in the stability of f — NbH with the presence of nitrogen in niobium can
be understood through the electronic DOS and valence charge transfer calculations. As
discussed earlier, the overlap between the states of niobium and hydrogen corresponds to
the covalent bonding between niobium and hydrogen atoms. Here, the overlap
corresponds to the covalent bonding in 3 — NbH precipitate (Figure 11c). However, the -
7 eV peak disappeared upon addition of nitrogen indicating that the states of hydrogen no
longer overlap with the states of niobium (Figure 11d). Hence, the covalent bonding
between niobium and hydrogen atoms was disrupted by nitrogen. Valence charge transfer
calculations further explain the instability of the hydride precipitate in the presence of
nitrogen in the niobium matrix. In the absence of nitrogen, charge depleted (cyan iso-
surface) from the niobium atoms in the hydride precipitate was accumulated (yellow iso-
surface) around the hydrogen atoms (Figure 11e). However, in the presence of nitrogen,
the valence charge from niobium atoms in the precipitate and the matrix is now attracted
towards nitrogen due to its partially anionic nature in niobium (Figure 11f). As a result,
the niobium hydrogen covalent bonding in hydride precipitate became weaker in the
presence of nitrogen, leading to a decrease in the energetic stability of 3 — NbH

precipitates in the niobium matrix.
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Figure 11: Schematic of a)  — NbH unit cell with face centered orthorhombic structure
and b) a § — NbH unit cell embedded in the niobium matrix. Black and grey spheres
represent niobium atoms on two different planes. ¢) Density of states for the niobium
matrix embedded with B — NbH and doped with nitrogen atoms at different octahedral
(02, 03 and far away) sites. d) Zoomed in DOS curves showing the absence of hydride
peak upon addition of nitrogen in niobium. Valence charge transfer contours for e)
niobium with 3 — NbH and f) niobium with § — NbH and doped with nitrogen at the far
away octahedral site. Yellow and cyan iso-charge surfaces respectively represent

0.027e/A? of charge accumulation and depletion. Niobium atoms are represented by dark
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grey spheres, hydrogen atoms are represented by orange spheres and nitrogen atom is
represented by a blue sphere (below the iso-surface) in 11e and 11f.
3.4 Conclusions

In conclusion, these first-principles calculations enable identification of the
mechanisms and driving forces associated with the observed low hydride concentration
near the nitrogen treated niobium coupon surfaces. Nitrogen doping significantly affects
the kinetic stability of hydrogen and the thermodynamic stability of hydride precipitates
in niobium. In the presence of nitrogen, hydrogen binding in niobium is suppressed but
the suppressing effect was dominant only in the proximity of nitrogen, approximately up
to 2.5 A away. Furthermore, the suppressing effect of nitrogen on hydrogen binding in
niobium was due to the weakening of covalent bonds between the niobium and hydrogen
atom, understood through electronic DOS and valence charge transfer calculations.
Nitrogen also altered the minimum energy path for hydrogen diffusion from one
tetrahedral site to another, leading to a notable increase in the activation energy barrier
for hydrogen diffusion in the niobium lattice. Furthermore, the f — NbH precipitate
became energetically unstable near a nitrogen atom in the niobium matrix since the
niobium hydrogen covalent bonding is disrupted by nitrogen. Thus, introduction of
nitrogen into the surface of niobium cavities significantly decreased the thermodynamic
and Kinetic stability of hydrogen in niobium and consequently reduced the likelihood of
hydride precipitation, which were demonstrated experimentally using simple
metallographic techniques. The hydride suppression due to the presence of nitrogen could

be one of the contributing reasons for the increased quality factors beyond the traditional
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SRF Nb recipes in cavities using this nitrogen doping recipe that are currently being
produced for the LCLS-I1 upgrade (A Grassellino and A Romanenko and D Sergatskov
and O Melnychuk and Y Trenikhina and A Crawford and A Rowe and M Wong and T
Khabiboulline and F Barkov 2013; Pashupati Dhakal et al. 2015). However, increase in
quality factors in nitrogen-doped cavities has also revealed an issue of flux trapping due
to the presence of defects in bulk Nb. Further studies to understand the effect of nitrogen
on the residual surface resistance and the magnetic flux trapping in niobium will help
determine the overall effectiveness of nitrogen in improving the performance of niobium

for SRF applications.
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CHAPTER 4

4 HYDROGEN SEGREGATION AT DISLOCATION CORE STRUCTURES AND
GRAIN BOUNDARIES IN NIOBIUM
4.1 Introduction
The low temperature plasticity in body centered cubic (BCC) metals, such as niobium

is predominately controlled by the screw dislocation core structure and its motion, which
leads to increase in the yield stress with decreasing temperature as well as non-Schmid
behavior (Ventelon et al. 2013; Christian 1983; Caillard and Martins 2003; Argon 2008).
First-principles studies have been employed to study such dislocation core structure and
its properties including lattice resistance to the motion of screw dislocations (Groger and
Vitek 2012; Vitek T 2004; L. Dezerald et al. 2014; Rodney et al. 2017). Through ab initio
calculations, it has been argued that the strain rate sensitivity and breakdown of Schmid
behavior can be attributed to the non-planar nature of the 1/2 (111) screw dislocation
core (Duesbery, Vitek, and Bowen 1973; Duesbery and Vitek 1998; Ito and Vitek 2001;
Itakura, Kaburaki, and Yamaguchi 2012a), and the existence of two possible equilibrium
core structures (V. Vitek and Paidar 2008) both having D3 symmetry along the <111>
zone (Gordon, Neeraj, and Mendelev 2011; Itakura, Kaburaki, and Yamaguchi 2012a;
Ramasubramaniam, Itakura, and Carter 2009). Furthermore, the existence of a metastable
split-core configuration during dislocation glide across the lattice creates a tendency for
partial kink nucleation (Itakura, Kaburaki, and Yamaguchi 2012a; Ventelon et al. 2013;

Weinberger, Tucker, and Foiles 2013).
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In general, due to non-planar nature of the dislocation core, the plastic deformation of
BCC metals is observed to be significantly different than other close-packed metals
(Christian 1983). The plastic behavior of BCC metals is further complicated with
addition of impurities like hydrogen (H) in Nb, since the addition of impurities can affect
the slip by modifying dislocation core structure. For instance, the presence of
solutes/impurities can significantly modify the elastic, chemical and electronic
interactions between the dislocations (Cottrell 1948; Hirth and Lothe 1966; Bhatia, Groh,
and Solanki 2014), thereby increasing the yield strength of material. Furthermore, pure
Nb is a principal material for manufacturing superconducting radio frequency (SRF)
cavities, but it readily absorbs hydrogen during fabrication and subsequently leads to
hydride precipitation in Nb when cooled to cryogenic temperatures (Hardie and Mcintyre
1973; Tao et al. 2013; Pulkit Garg et al. 2018). Presence of such defects (interstitial H
and hydrides) not only alters the plastic deformation behavior of Nb, but also degrades its
superconducting properties (Knobloch 2003; Trenikhina et al. 2015; P. Garg et al. 2018).

Additionally, grain boundaries act as preferential sites for impurity segregation
(Solanki et al. 2013; Sadananda and Vasudevan 2011). Aggregation of sufficient
concentration at the interface can lead to intergranular failure (Rice and Wang 1989).
High diffusivity of the hydrogen atoms allows them to permeate the microstructure
rapidly along the GB networks, dislocations and voids etc. leading to mechanical
degradation (Solanki et al. 2013; Rajagopalan, Tschopp, and Solanki 2014). The local
atomic structure is known to significantly affect the solute segregation behavior (1.

Adlakha, Tschopp, and Solanki 2014; llaksh Adlakha 2015). The GB character often
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encompasses five degrees of freedom associated with the misorientation between the
crystallographic orientations of the two adjoining grains. Two degrees of freedom are
associated with the GB plane while three degrees of freedom are used to define the
misorientation between the two grains. The microscopic degrees of freedom cover the
local structure arrangement that is dependent on the translations between adjoining grains
which is important as well as the localized dislocation structure of the boundary.
Experimental studies are often limited in examining solute segregation near GBs because
of the complicated atomic structure. On the other hand, atomistic and first principle
calculations can be effectively utilized to explore the complicated interactions between
the GB structure and solute atoms (Yamaguchi, Shiga, and Kaburaki 2004; Yamaguchi et
al. 2011). Therefore, this work utilizes ab initio methods to investigate the effect of
interstitial hydrogen on 1/2 (111) screw dislocation core and £5 symmetric tilt grain
boundaries (STGBs) in Nb and elucidate the effect of impurity on plastic deformation in
Nb. Additionally, electronic structure calculations through density of states and valence
charge transfer were also performed along with equilibrium dislocation core structure

characterization to underpin the effect of hydrogen on the dislocation core properties.

4.2 Computational Details
4.2.1 Screw Dislocation Core Structure

The ab initio simulation cell for screw dislocation core structure was constructed with
a quadrupolar arrangement of screw dislocation dipoles using Stroh’s anisotropic field

and elastic constants of Nb (Stroh 1958; Clouet, Ventelon, and Willaime 2009). To
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accommodate the plastic strain induced by dislocation dipole and to minimize the elastic

energy of simulation cell, the supercell vectors (C;, C,, C3) were selected as:

- - - - n - - 1 q-~ - - -

€y =nd; — qaz, C; = 504; +md; + (5~ )ds, G5 = 4z 4)
where d; = 1/3 [112], d, = 1/2 [110], d5 = 1/2 [111], (n,m) = (15,9) for 135 atom
supercell and q = _1/3m (L. Dezerald et al. 2014). The ab initio calculations were

performed using density functional theory (DFT) based Vienna Ab-initio Simulation
Package (VASP) (Georg Kresse and Hafner 1993; G. Kresse and Hafner 1994). The
simulation cell was relaxed using VASP to obtain equilibrium dislocation core structures.
Hydrogen atoms were then added to both the equilibrated dislocation core structures at
the interstitial tetrahedral site, stable interstitial position in perfect lattice (P. Garg et al.
2018; Ford, Cooley, and Seidman 2013a), followed by atomic relaxations. Spin-polarized
calculations were performed to relax the dislocation dipole structure with and without
hydrogen with cut-off energy of 550 eV, energy convergence of 10° eV and 0.01 eVA™
of force tolerance. The atom positions were relaxed at their atomic positions while
maintaining a constant volume with a k point mesh of 1 x 1 x 16 to minimize the energy
of the dislocation dipole. The changes in electronic structure of dislocation core due to
the presence of interstitial hydrogen were examined through electronic density of states

and valence charge transfer calculations.

4.2.2 Symmetric Tilt Grain Boundaries
The equilibrium grain boundary (GB) structures were modeled using empirical

interatomic potentials molecular dynamics (MD) simulations. The £5(210) and £5(310)
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symmetric tilt grain boundary (STGB) system was created in Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)(Plimpton 1995) with semi-
empirical embedded atom method (EAM) potential for niobium(Fellinger, Park, and
Wilkins 2010). The equilibrium grain boundary structures were determined using a bi-
crystal simulation cell with 3D periodic boundary conditions and sufficiently large grains
in the perpendicular direction to obtain minimum energy GB structures (Rittner and
Seidman 1996; Rajagopalan et al. 2017; I. Adlakha et al. 2014). For instance, the £5(210)
grain boundary was modeled by two (210) oriented slabs of Nb each, reflected with
respect to the x-z plane followed by an atom deletion technique and energy minimization
using a nonlinear conjugate gradient method (see Figure 1b)(Rajagopalan et al. 2014;
Solanki et al. 2013; Tschopp et al. 2012). All atoms of the GB supercells were allowed to
relax to an energy convergence of <10 eV(Wachowicz and Kiejna 2008; 1. Adlakha,
Garg, and Solanki 2019). Next, due to the size constraints of first-principles methods
smaller supercells with one periodic length along the GB and few atomic planes (20-30
atomic planes) perpendicular to the GB plane were obtained from the bi-crystal
simulation cell of MD calculations. The smaller supercells for different grain boundaries
with negligible grain boundary interactions across the periodic images were relaxed
within DFT framework. The k point mesh for each of the GB supercells was selected,
after extensive k point sampling, based on the convergence studies (see table Al in
appendix) and the atoms were relaxed with 10° eV energy tolerance while maintaining a

constant volume and shape of the supercells.
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4.3 Results
4.3.1 Hydrogen Segregation at Screw Dislocation Core Structure

The displacement field around the relaxed Nb dislocation core is shown (Fig. 12a)
using the differential displacement (DD) map (V Vitek, Perrin, and Bowen 1970; Vo
Vitek 1974) and the dislocation core energy is 0.2 meV/b, where b is the Burgers vector,
on (111) plane in bcc Nb. The Nb atoms in three different colors are projected on the
(111) plane and belong to three different layers before the dislocation was introduced.
The relative displacement of an atom in the 1/2 (111) direction relative to its nearest
neighbor is represented by an arrow pointing between the atoms as compared to the
perfect crystal. The length of the arrow is proportional to the magnitude of relative
displacement between the atoms. A closed triplet of arrows around a dislocation gives a
Burger’s vector displacement. Thus, the 1/2 (111) screw dislocation core in Nb has a
non-degenerate (or symmetric or easy core) configuration, also observed in previous
works (Frederiksen and Jacobsen 2003; Itakura, Kaburaki, and Yamaguchi 2012b;
Domain and Monnet 2005). Next, a hydrogen atom was introduced at the most stable
interstitial site, determined from the work of (Zhao and Lu 2011), at each of the
equilibrium screw dislocation cores Fig. 12b). The displacement field in the DD map
shows the transformation of the dislocation core from a non-degenerate to degenerate
(hard core) dislocation core with the addition of H atom. Local environment around the
solute atom like the number of neighbors and atomic distances, and the nucleation of

second phase precipitates can be attributed to the stability of hard core configuration.
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Similar stabilization of the hard core configuration has been observed with the addition of

carbon in BCC iron (Ventelon et al. 2015).
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Figure 12: Differential displacement map of (a) the non-degenerate dislocation core in
Nb and (b) the degenerate dislocation core in Nb with H. The blue, maroon and yellow
circles represent Nb atoms at different (111) planes, while the H atom is represented by

the green circle.

To further understand the H atom and screw dislocation interaction, the electronic
structure of screw dislocation core with interstitial hydrogen was examined using the
electronic density of states (DOS) and valence charge transfer calculations. This provides
insights into the changes in bonding between the interstitial and the dislocation core
atoms (P. Garg et al. 2017). The DOS curve describes the number of states available to be
occupied per interval of energy at each energy level (P. Garg, Adlakha, and Solanki
2018). Valence charge transfer due to the addition of hydrogen was calculated by
subtracting the ground state non-interacting valence charge densities of dislocation core

and hydrogen from the valence charge density of the interacting hydrogen dislocation
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core system (P. Garg, Bhatia, and Solanki 2019; P. Garg, Adlakha, and Solanki 2019).
Charge density contours from the first-principles calculations were obtained using
VESTA (visualization for electronic and structural analysis) software package (Momma

and Izumi 2008).
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Figure 13: (a) The effect of hydrogen addition near the screw dislocation on the
electronic density of states in Nb with and without hydrogen atom. (b) Valence charge
density transfer at the dislocation core structure between the Nb atoms and hydrogen
atom. Charge is depleted from Nb atoms and accumulated around hydrogen. Yellow and
cyan iso-charge surfaces represent 0.01 eA~3 of charge accumulation and depletion,
respectively. The atoms are colored according to common neighbor analysis such that
dislocation core atoms are red and bcc atoms are blue.

Figure 13a shows the DOS curves for screw dislocation core in niobium with and
without interstitial hydrogen. The DOS curve below Fermi level (0 eV) corresponds to
the occupied bonding states; whereas, the curve above Fermi level represents the
unoccupied antibonding states. The DOS curve of screw dislocation core was found to
match the DOS curve reported in literature (L. Dezerald et al. 2014). An additional peak

at -6.5 eV was observed in the DOS curve of screw dislocation core with interstitial
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hydrogen due to the overlap of 1s states of hydrogen with states of niobium. Thus, the
additional peak indicates to presence of covalent bonding between hydrogen and niobium
and therefore represents the possibility of nucleation of niobium hydride precipitate at the
screw dislocation core (P. Garg et al. 2018). The valence charge transfer calculation
further assesses the covalent bonding between hydrogen and niobium atoms at the
dislocation core. The valence charge of dislocation core niobium atoms (red spheres) is
depleted and gets accumulated around the hydrogen atom (small orange atom below iso-
charge surface) promoting the formation of covalent bond between hydrogen and
niobium (figure 13b). Thus, valence charge transfer calculation also supports hydride
precipitation as a contributing factor to the stability of hard core configuration upon
presence of hydrogen at screw dislocation core. Valence charge transfer contours are
plotted at an iso-charge surface value of 0.01 eA=3, where yellow and cyan iso-charge
surfaces respectively represent charge accumulation and depletion. Niobium atoms at the
dislocation core are represented by red spheres while the blue spheres represent bulk
niobium atoms.

To understand the changes in plasticity of niobium in presence of hydrogen, the effect
of hydrogen atoms on the mobility of screw dislocations in Nb was determined using
first-principles methods. To determine the associated energy barriers and the minimum
energy pathways, the NEB method with FIRE optimizer and eight intermediate images
was used within the DFT framework. Other input parameters and convergence criteria

were kept the same as for the ground state calculations.

42



120
N —@ Pure Nb
100 == Nb-H

=)
(=]

Energy barrier (meV/b)
g 2

(]
—

0 0.2 0.4 0.6 0.8 1
Reaction coordinates

Figure 14: Peierls energy barrier for a screw dislocation dipole in niobium with and
without hydrogen atom at the dislocation cores. The minimum energy paths were
determined using NEB method within the DFT framework.

First, the Peierls energy barrier for glide of screw dislocation on (111) plane of pure

Nb was determined by constrained minimization of the screw dislocation dipole. Both the
dislocations were displaced in the same direction by one Peierls distance between the
initial and final states, so that the distance between the two dislocations remains constant.
The predicted Peierls energy barrier curve has a single hump and appears sinusoidal
(figure 14). The energy barrier for gliding of 1/2 (111) screw dislocation in Nb was
found to be ~50meV/b, which is in good agreement with the values reported in literature

(Lucile Dezerald et al. 2016; L. Dezerald et al. 2014). Next, the constrained minimization
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of the screw dislocation cores with hydrogen atoms in the vicinity was performed to
determine the effect hydrogen on dislocation motion. The NEB calculations were
performed with twelve intermediate images selected after convergence studies based on
the number of images. The presence of hydrogen significantly affected the energy barrier
for dislocation motion as shown in figure 14. In the presence of hydrogen, the energy
barrier increased to ~100meV/b with a saddle point representing the metastable state
between the two unstable configurations. The increase in energy barrier for glide of screw
dislocations upon addition of hydrogen is due to the transformation of dislocation core to
a hard core configuration in the presence of hydrogen. The stability of non-planar
dislocation core stems from the development of attractive bonding between hydrogen and
niobium. Thus, presence of hydrogen significantly alters the plastic behavior of niobium
by increasing the stability of non-planar dislocation core thereby increasing the energy
barrier for dislocation motion leading to solute hardening.
4.3.2 Hydrogen Segregation at 5 STGBs

The equilibrium grain boundary structures were obtained after first-principles
relaxation for £5(210) and £5(310) STGBs with atoms colored according to atomic
volume variation in the simulation cell. Figure 15a shows significant variation in the
atomic volume along the grain boundary plane (represented by black dash line) in
>5(210) GB highlighting different potential sites for hydrogen segregation. A hydrogen
atom was placed at each of the atomic sites (P) around the grain boundary plane and the

computational cell was relaxed using the conjugate gradient energy minimization process

44



in VASP. The potential energy of the simulation cell was calculated and the process was

repeated for each of the interstitial sites across £5(210) and X5(310) STGBs (figure 15).
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Figure 15: Different interstitial sites available for H atom segregation at (a) £5(210) GB

and (b) 25(310) GB. Niobium atoms are colored according to the atomic volume without
hydrogen estimated by Voronoi tessellation.

The segregation energy of hydrogen atom at an interstitial site (E{,,) was calculated

using:

Efeg = E(I;JB — Egp — (EIIJ-Iulk - Ebulk) (5)
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where, EE, and E are the potential energies of the GB structure with and without
hydrogen atom at the interstitial site P. Ef} ;. and E,; are the potential energies of a
single crystal Nb with and without interstitial hydrogen atom. Table 2 shows the
calculated segregation energy of hydrogen atom at different interstitial sites around
>5(210) and £5(310) STGBs. A negative value of segregation energy represents that the
particular interstitial site is energetically favorable for H segregation. In case of £5(210)
GB, interstitial site P1 has the most negative value of segregation energy (-0.09 eV) and
therefore the most stable for H segregation along the grain boundary plane. Similarly, in

>5(310) GB interstitial site P1 is the most stable with segregation energy of -0.02 eV.

Table 2: Hydrogen segregation energy (EZg, eV) at different interstitial sites around
>5(210) and £5(310) STGB:s.

Hydrogen segregation energy (eV)
Position of H ¥5(210) ¥5(310)
P1 -0.09 -0.02
P2 0.05 0.04
P3 0.03 0.04

4.3.3 Effect of Nitrogen on Hydrogen Segregation at 5 STGBs
First, the segregation energy of nitrogen at the interstitial sites around the grain
boundaries without any hydrogen was calculated to determine the effect of nitrogen on

segregation behavior of hydrogen at 5 STGBs. A nitrogen atom was added each of the
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interstitial sites (P) at £5(210) and £5(310) GBs and the segregation energy was
calculated using equation 5. In case of £5(210) GB, P3 is the most favorable site for N
segregation with segregation energy of -0.42 eV, whereas P1 is the energetically most

favorable site for N segregation at 5(310) GB (Table 3).

Table 3: Segregation energy (E£g, eV) of nitrogen at different interstitial sites around
¥5(210) and £5(310) STGBs.

Nitrogen segregation energy (eV)
Position of N 25(210) ¥5(310)
P1 -0.11 -0.38
P2 -0.08 -0.36
P3 -0.42 -0.35

Next, the effect of nitrogen on the segregation energetics of hydrogen at £5(210) and
>5(310) GBs in niobium was investigated within the first-principles framework. First, the
hydrogen atom was added at the most stable interstitial site followed by nitrogen atom at
its most stable interstitial site at each of the grain boundaries. The co-segregation energy
(Eco-seg) OF hydrogen and nitrogen at the grain boundary was calculated using the
following equation:

Eco—seg = Egp_n-n — Egp-n — (ElIJVulk = Epui) (6)
where, E;g_y_n and E;g_p are the potential energies of the GB structure with H atom
and with and without N atom at the interstitial site. £}, and E}, are the potential
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energies of a single crystal bulk Nb simulation cell with and without interstitial nitrogen
atom. A positive value of co-segregation energy represents that nitrogen suppresses
segregation of hydrogen whereas a negative value of E.,_s., indicates that co-
segregation of both hydrogen and nitrogen is energetically favorable at the grain
boundary. In case of £5(210) GB, the hydrogen atom is present at its most stable
interstitial site (P1) and the nitrogen atom is first added its most stable P3 site and then at
the P2 interstitial site. As shown in table 4, the co-segregation energy is negative when N
atom is added to P3 site whereas E,_4 is positive (0.106eV) when N atom is present at
the P2 site. Thus, co-segregation of hydrogen and nitrogen was favorable when nitrogen
was present at P3 site whereas the co-segregation was no longer energetically favorable

when nitrogen was present at P2 site.

Table 4: Co-segregation energy (E,—sc4, €V) 0Of hydrogen at P1 site and nitrogen at
different interstitial sites around £5(210) GB.

Hydrogen and nitrogen co-segregation energy at £5(210) GB

Position of N Distance b/w H & N E o seq (€V)
P2 2.47 0.106
P3 3.75 -0.231

Similarly, for £5(310) GB the hydrogen atom was segregated at P1 stable interstitial
site and N atom was first segregated near the P1 site and then at the P2 site. The co-
segregation energy is positive when N atom is present at the P1 site whereas E.,_.g IS
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negative (-0.366eV) when N atom is present at the P2 site (Table 5). Thus, nitrogen
suppressed hydrogen segregation at 5 STGBs in niobium but the extent of suppression
gradually diminished as the distance between hydrogen and nitrogen increased and the
co-segregation became energetically favorable after ~2.6 A. This suppressing effect of
nitrogen on hydrogen segregation at ©5 STGBs is consistent with the effect of nitrogen

on hydrogen binding or hydride nucleation in bulk Nb.

Table 5: Co-segregation energy (E.,—se4, €V) 0of hydrogen at P1 site and nitrogen at
different interstitial sites around £5(310) GB.

Hydrogen and nitrogen co-segregation energy at £5(310) GB
Position of N Distance b/w H & N E o seq (€V)
P1 2.31 0.148
P2 2.75 -0.366
4.4 Summary

In this work, first-principles calculations were employed to investigate the effect of
hydrogen segregation at 1/2 (111) screw dislocation core and 5 symmetric tilt grain
boundaries in Nb. The screw dislocation core transformed from a non-degenerate to
degenerate/hard dislocation core structure upon addition of H atom. The valence charge
transfer calculations indicate towards hydride precipitation as a contributing factor to the
stability of degenerate dislocation core configuration upon addition of hydrogen. Thus,

changes in local environment due to the presence of solutes like the number of neighbors
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and atomic distances, and the nucleation of second phase precipitates can be the factors
contributing to the stability of hard core configuration. Further, presence of hydrogen
increased the energy barrier for dislocation motion leading to solute hardening and
significantly altering the plastic behavior of niobium. As observed in bulk niobium,
nitrogen doping was found to significantly affect hydrogen segregation at niobium grain
boundaries as well. Hydrogen atom segregated favorably around the grain boundary
plane in 5 STGBs, however presence of nitrogen suppressed hydrogen segregation but
the suppressing effect was dominant only in the proximity of nitrogen, approximately up

t0 2.6 A.
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CHAPTER 5

5 ROLE OF DIFFERENT LATTICE DEFECTS AND MAGNETIC FLUX TRAPPING
BEHAVIOR OF NIOBIUM

5.1 Introduction

Control of growth orientation and defect structures was identified long ago as an
important requirement for niobium single-vortex devices, which underpin many
applications in quantum logic and astrophysics(Peter, Muck, and Heiden 1993; Wildes,
Mayer, and Theis-Brohl 2001). SRF cavities are one of the critical components to
develop high-performance particle accelerators (P. Garg et al. 2018; Pashupati Dhakal,
Ciovati, and Myneni 2017). The surface resistance (Rs) defines the power dissipation at
the inner surface of SRF cavity and comprises of two terms: the Bardeen-Cooper-
Schrieffer (BCS) resistance Rg.s and the residual surface resistance R,.s(Alex Gurevich
2012; A Grassellino and A Romanenko and D Sergatskov and O Melnychuk and Y
Trenikhina and A Crawford and A Rowe and M Wong and T Khabiboulline and F
Barkov 2013). The Ry term originates from microwave absorption by thermally excited
quasiparticles and becomes zero as T — 0 because quasiparticles excitation ceases at 0
K(Kubo 2016). Conversely, R, remains finite as T — 0 and arises from magnetic flux
trapping, normal conducting precipitates, sub-gap, impurities, defects etc., which depend
on the material properties(A. Gurevich and Ciovati 2013; Pashupati Dhakal, Ciovati, and
Myneni 2012). The major contribution to R,..; stems from magnetic flux trapping at

defects during cavity cooling (Huang, Kubo, and Geng 2016; Benvenuti et al. 1999) and
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therefore it is critical to reduce the trapped magnetic flux in order to improve Q, of
niobium SRF cavities.

Electromagnetic fields accelerate the charged particles inside the SRF cavities being
operated in the Meissner state such that the external magnetic field is completely expelled
from the superconducting material(Meissner and Ochsenfeld 1933). But the presence of
material imperfections like defects, impurities etc. can suppress the expulsion of
magnetic field and pin the field inside the material even after the externally applied field
is removed(Knobloch and Padamsee 1997; Vallet et al. 1992). The trapped field is
present in the form of quantized vortices which have a normal conducting core, where
unpaired electrons cause Ohmic resistance and contribute to R, thereby decreasing the
cavity quality factor(Aull, Kugeler, and Knobloch 2012). Thus, flux trapping at the
crystal lattice imperfections like dislocations and grain boundaries contribute to R,..; and
significantly degrade the performance of niobium for SRF applications(Ford, Cooley, and
Seidman 2013b; Knobloch 2003; P Dhakal et al. 2013; Khanra 1975; P. J. Lee et al.
2006).

Aull et al.(Aull, Kugeler, and Knobloch 2012) reported nearly 100% flux trapping in
polycrystalline niobium which decreased to ~41% in heat treated and polished single
crystal niobium samples. Flux pinning at the grain boundaries in niobium bi-crystals was
found to be dependent upon the grain boundary tilt axis and attributed to the electron-
scattering mechanism(DasGupta et al. 1978; Cai, Chou, and Gupta 1987). Additionally, a
non-uniform distribution of dislocations was also observed to interact with and trap flux

lines in cold rolled polycrystalline niobium(Narlikar and Dew-Hughes 1964). Flux
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trapping due to hydride segregation along the low angle grain boundaries has also been
reported during magneto-optical imaging analysis(Sung et al. 2017). In general, the
pinning mechanism of defects for a given superconducting material can be classified into
the condensation energy interaction, the elastic interaction, the magnetic interaction and
the Kinetic energy interaction(Matsushita 2007; Ullmaier et al. 1970; Antoine 2018).
Several theories such as crystal-anisotropy of the upper critical field(Khanra 1975;
Campbell and Evetts 1972; Vinnikov, Zasavitskii, and Moskvin 1982), electron-
scattering at the grain boundary (Cai, Chou, and Gupta 1987), elastic interactions
between the dislocations present at the grain boundaries and the flux line lattice (Pande
and Suenaga 1976) etc. had been proposed to explain the flux trapping at defects.
However, mechanism(s) underlying the flux pinning at defects has not been
unequivocally established since the applicability of various flux pinning theories at defect
has not been determined for a wide variety of samples.

This work marks the first attempt to understand the influence of lattice defects, i.e.,
vacancies, dislocations and grain boundaries on magnetic flux trapping in niobium within
the first-principles framework. Equilibrium structures for different defects were obtained
using molecular dynamics and density functional theory calculations. The external
magnetic field was simulated using the all-electron full-potential linearized augmented
plane wave code to analyze the flux trapping tendencies of different defects.. Further,
grain boundary character was found to play a crucial role on the flux trapping behavior
since the trapped flux was observed to vary with the grain boundary mis-orientation

angle. To determine the mechanisms underlying the interactions between external
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magnetic field and different defects, the electronic structure of defects was analyzed

using electronic density of states and Bader charge analysis within first-principles

framework. Difference in the electronic structure of defects as compared to body centered

cubic niobium indicates to a potential magnetic state in the presence of an external
magnetic field thereby promoting flux trapping at defects and disrupting the
superconductivity in niobium. Such information will provide guidance for developing
processing techniques to minimize undesirable defect density and improve the quality

factor of niobium SRF cavities.

5.2 Computational Methodology

The first-principles calculations were performed within density functional theory
(DFT) framework using Vienna Ab-initio Simulation Package (VASP) (Georg Kresse
and Hafner 1993; G. Kresse and Hafner 1994), with Perdew-Burke-Ernzerhof
(PBE)(Georg Kresse and Furthmuller 1996; Blochl 1994) exchange-correlation

functional.

5.2.1 Point Defects

A supercell approach was used to model a metal vacancy in bulk crystal and
determine the parameters relevant for vacancy formation. A niobium atom was removed
from its lattice site in a 2 x 2 x 2 body centered cubic (bcc) niobium supercell (16
niobium atoms) to represent a vacancy concentration of 6.25 at% and calculate the
vacancy formation energy. The k point mesh of 13 x 13 x 13 was selected based on

convergence studies and the atoms were relaxed with a force and energy convergence
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criteria of 0.01 eVA~' and 107° eV respectively. The atoms were allowed to relax in all
directions while maintaining periodic boundary conditions and relaxing the supercell
volume and shape. The vacancy formation energy (AE,) is calculated using:

AByee = Eno1y — “—Ey (7)
where E,,_; denotes the total energy of the cell containing a vacancy, n is the number of
atoms in the supercell and E,, represents the total energy of the perfect supercell without
any vacancy (Mattsson and Mattsson 2002; Wolverton 2007). The interactions between
the vacancies across the periodic boundaries were minimized since the vacancy formation
energy for 16 atoms and 24 atoms niobium supercell converged within 0.02 eV. The
calculated vacancy formation energy value of 2.51 eV was found to be in good agreement

with the reported experimental and theoretical values(Korhonen, Puska, and Nieminen

1995; Korzhavyi et al. 1999).

5.2.2 Planar Defects

Three symmetric tilt grain boundary (STGB) systems (<100>, <110>, and <111>)
and a non-symmetric tilt grain boundary sample were created in LAMMPS with semi-
empirical EAM potential for niobium as explained in Chapter 4. The grain boundary
energy (Egp) Was calculated as the difference between the energy of the GB simulation
cell with n atoms (E,,) and the cohesive energy of niobium atoms (E,) per unit area of

the grain boundary plane (A).

Ep-ns
Egb %“%oh (8)
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The expression is divided by 2 due to the two interfaces in the grain boundary simulation
cell. The GB energy as a function of the mis-orientation angle for (100), (110) and
(111) tilt axes of niobium is shown in figure 16a. Furthermore, figure 16b shows the
variation of grain boundary energy with mis-orientation angle mapped onto a
stereographic triangle with the convention for representing cubic metals. The vertices of
the triangle represent the three principal orientation of the cubic system. The GB mis-
orientation was defined by the polar/azimuthal angles and the GB energy was represented
by the color contour. The color bar corresponds to the GB energies between 600 m]/m?
and 1400 m]/m? which represents the GB database for the three symmetric tilt axes. The
observed trends of the grain boundary energy with mis-orientation angle are comparable

to the previously reported values (Singh and Parashar 2018).
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Figure 16: Grain boundary energy (Egy) represented as a function of (a) mis-orientation
angle and (b) polar and azimuthal angles for <100>, <110> and <111> STGBs in Nb.
Grain boundaries with minimum energy can be identified from the standard stereographic

triangle with the color bar.
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Due to the size constraints of first-principles methods, smaller supercells with one
periodic length along the GB and few atomic planes (25-35 atomic planes) perpendicular
to the GB plane were obtained from the bi-crystal simulation cell of MD calculations.
The smaller supercells for different grain boundaries were relaxed within DFT
framework. The k point mesh for each of the GB supercells was selected, after extensive
k point sampling, based on the convergence studies (see table Al in appendix) and the
atoms were relaxed with 10°° eV energy tolerance while maintaining a constant volume
and shape of the supercells. The GB supercells with negligible grain boundary
interactions across the periodic images were selected for further flux trapping studies.
5.2.3 External Magnetic Field

The state-of the-art all-electron full-potential linearized augmented plane wave (FP-
LAPW) code was used to analyze the defect interaction with external magnetic
field(Sharma, Dewhurst, et al. 2007; Sharma, Pittalis, et al. 2007). The FP-LAPW code
formulation is based on the Kohn-Sham equations for external field in a two-step
variational process(Sharma, Dewhurst, et al. 2007; Jin et al. 2015; Yang, Yue, and Hu
2016). In the first-variational step a Hamiltonian (H) containing only the scalar potential
and E field is constructed

A=T,+V,  +E7+ V., (9)
and diagonalised with H|¢,) = &]4,). T is the kinetic energy operator, 7, is the
external potential operator, 7. is the exchange-correlation (XC) potential operator and &;

is the orbital energy of the corresponding Kohn—Sham orbital, ¢; (Sharma, Dewhurst, et
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al. 2007). In the second-variational step, the magnetic fields, spin-orbit coupling and A
field are added using the first-variational step as a basis

Hij = &6+ (#0 (Bext + Bye) + oo L+A-V|g) (10)
where By is the exchange-correlation magnetic field. Instead of the usual approach of
separating the Kohn-Sham equations into spin-up and spin-down orbitals, densities and
potentials, the FP-LAPW code formulation treats magnetism as non-collinear for which
the basic variables are the scalar density p(r) and the magnetization vector field m(r).
An external magnetic field (Bey: = 171.5 mT) was applied along different defects below
superconducting transition temperature of niobium (T. = 9.25 K), during the flux trapping
calculations. Niobium is treated as paramagnetic in nature below T. in the FP-LAPW
code formulation. Periodic boundary conditions were maintained along all directions. The
applied field was reduced by a factor of 0.85 after each ionic step such that the applied
field is infinitesimal i.e. effectively zero at the end of all the steps. The factor of 0.85 for
decrease in applied field was selected based on the convergence studies to eliminate any
sudden change in the applied field and to optimize the use of computational resources.
The augmented plane wave basis was used to accurately compute the effective potential
under external magnetic field without local discontinuities in the XC potentials
introduced by functional approximations. The Fermi-Dirac smearing method was used
for a smooth approximation of the Dirac delta function needed to compute the
occupancies of the Kohn-Sham states. The self-consistent loop is converged when the
total energy is smaller than 10 eV and the root mean square change in Kohn-Sham
potential and magnetic field is smaller than 10 Tesla.
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5.3 Results

The first step towards understanding the flux trapping behavior at different defects is
to determine the effect of external magnetic field on pure single crystal niobium. It is
very well known that niobium is paramagnetic above its superconducting transition
temperature and superconducting in nature below T,.. Hence, there is no flux trapping in
niobium and the externally applied magnetic field is completely expelled from the
material as also observed in our flux trapping simulations. Next, we examine the effect of

point defects, line defects and planar defects on flux trapping.

5.3.1 Flux Trapping at Point and Line Defects in Niobium

To examine the role of point defects on magnetic flux trapping, the external magnetic
field was applied perpendicular to (100) plane of niobium supercell with a vacancy
concentration of 6.25 at%. A very small remnant magnetic moment of 0.005p., was
observed in the bce supercell with a vacancy concentration of 6.25 at% after the
externally applied magnetic field was removed. The magnitude of remnant magnetic
moment was independent of the direction of applied field due to symmetry and periodic
boundary conditions. The trapped or residual magnetic flux density (B,) due to the

presence of defects was calculated from the remnant magnetic moment (M) as:
B, =—* 11)
where V is the volume of supercell and g, is the permeability of vacuum (4 x 107 H/m).

Thus, the trapped flux density was found to be 0.19 mT for niobium supercell with a

point defect concentration of 6.25 at%.
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Further, the effect of line defects on magnetic flux trapping behavior of niobium was
investigated using the screw dislocation dipole structure. The external magnetic field was
applied along ¢; direction of the supercell to examine the flux trapping behavior of
dislocations. After the externally applied magnetic field was removed, the magnitude of
remnant magnetic moment was observed to be 1.00u. Thus, the trapped or residual
magnetic flux density due to the dislocation dipole structure of supercell volume

2481.2 A3 was found to be 4.70 mT using Eq. 11. The red atoms of the upward and
downward triangles in the (111) plane represent the dislocation dipoles whereas the blue

colored atoms represent bcc niobium.
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Figure 17: Screw dislocation core structure on (111) plane in bcc niobium. The atoms are
colored according to common neighbor analysis such that dislocation core atoms are red

and bcc atoms are blue.
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5.3.2 Flux Trapping at Planar Defects in Niobium

The role of planar defects on magnetic flux trapping in niobium was investigated by
applying the external magnetic field along the GB plane parallel to x-axis of the
simulation cell, as illustrated in figure 17. The applied field decreased gradually to zero at
the end of all self-consistent loops and a residual magnetic moment was observed in the

GB simulation cells. For instance, a residual magnetic moment of 0.54p, was observed

in the 5 (210) grain boundary. The magnitude of trapped flux was calculated from the
residual moment and volume of the simulation cell using Eq. 11, given in table 6. Among
different GBs studied here, the trapped flux was minimum for the highly symmetric £1
(101) grain boundary (6 = 60°) whereas maximum flux was trapped at 3 (111) grain
boundary. Overall, the magnitude of trapped flux at different grain boundaries was found
to vary from 2 mT to 20 mT. These results are in good agreement with the cold rolled
niobium bi-crystal samples where premature flux penetration was observed to occur at 8-

20 mT(P. Lee et al. 2006).
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Figure 18: Schematic of externally applied magnetic field (Bext) along the grain boundary
plane of (c) £5 (210), (d) £13 (023) and (e) 3 (111) grain boundaries in Nb. (d) The
remnant magnetic moment per unit periodic length of GB as a function of the GB mis-
orientation angle for <100> symmetric tilt grain boundaries. Blue and red colored solid
circles represent body-centered cubic and grain boundary atomic structures, respectively,

obtained from the common neighbor analysis in Ovito.

The grain boundary character was found to play a significant role in their flux
trapping behavior. The remnant magnetic moment per unit periodic length of the GB was
observed to increase with increase in GB mis-orientation angle approximately up to 6 =

40° for the GBs part of the <100> STGB system. However, above 40° the magnetic

moment per unit periodic length of the GB decreased gradually, as shown in figure 18.
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Table 6: The magnitude of trapped magnetic flux at different grain boundaries in niobium

Flux trapping at Nb grain boundaries

Grain Boundary Mis-oarrileglll;ation mONII:llfIlllteziJB) Trap([I)If%)Flux
25 (210) 53.13° 0.54 5.74
25 (310) 36.87° 2.00 15.17
213 (023) 67.38° 0.53 3.25
37 (016) 18.92° 0.92 4.06
217 (014) 28.07° 0.50 4.66
23 (111) 70.53° 2.00 19.38
21 (101) 60° 0.22 1.98

Next, the Voronoi tessellation method(Du, Faber, and Gunzburger 1999) was used to
construct a polycrystalline sample of niobium containing grains of identical shape and
size with [110] tilt axis to study flux trapping behavior of a non-symmetric tilt grain
boundary (figure 19a) (Bhatia, Mathaudhu, and Solanki 2015; Millett et al. 2008). The
sample was relaxed, within LAMMPS framework, to uniformly distribute the excess free
energy in the whole system while maintaining periodic boundary conditions. The non-
symmetric tilt grain boundary was translated into first-principles framework using a bi-
crystal simulation cell with one periodic length along GB (figure 19b) owing to the size
limitations of first-principles method. The bi-crystal simulation cell was relaxed using
DFT methods and further examined for flux trapping studies. The magnetic field was

applied along x-axis, parallel to the GB plane (figure 19b) and gradually reduced to zero
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at the end of self-consistent loops. A residual magnetic moment of 0.499u,was observed

corresponding to 2.5mT of trapped flux at the [110] non-symmetric tilt grain boundary.

(b) Bext
>

Z
Figure 19: (a) An equilibrated polycrystalline sample constructed using the VVoronoi
tessellation consisting of non-symmetric tilt grain boundaries and (b) schematic of
externally applied magnetic field (Bex:) along the grain boundary plane of a non-
symmetric tilt grain boundary in Nb. Blue and red colored solid circles represent body-
centered cubic and grain boundary atomic structures, respectively, obtained from the
common neighbor analysis. The z-axis is aligned along [110] direction.
5.3.3 Electronic Structure Analysis

An external magnetic field generally engages with both the electron spin and the
electronic orbital current in a metallic system. Further, the interaction of magnetic field
with different defects can lead to crystalline magnetic anisotropy, magneto-volume
effects and difference in electromagnetic state between the grain boundary and the grain
interior(Watanabe et al. 2006). Therefore, examination of the electronic structure can

play a crucial role in elucidating the underlying mechanisms associated with flux trapping
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behavior of defects. Electronic density of states and Bader charge analysis were
performed using VASP to study the electronic structure of different defects in their

equilibrium condition before the external magnetic field was applied.

5.3.3.1 Density of States (DOS)

Figure 20 shows the electronic density of states for bcc niobium, niobium with
dislocation dipole structure and niobium bi-crystals with symmetric tilt grain boundaries.
The DOS curve below the Fermi level (0 eV) represents the occupied states (bonding
states); whereas, the curve above the Fermi level represents the unoccupied states
(antibonding states)(P. Garg, Adlakha, and Solanki 2018; P. Garg et al. 2017). All the
electronic density of states calculations were performed using the tetrahedron smearing
method with Blochl corrections within DFT framework(Blochl, Jepsen, and Andersen
1994). The orbital decomposed DOS curves of bcc niobium show d-orbital splitting into
two irreducible collective orbital representations t,, and e, (figure 20a). The occupied
t,g bands (dy,,d,,and d,, ) sit lower in energy than the e, orbital (d,2_,2 and d,2),
while the opposite is true in the unoccupied states, as is expected for octahedral
coordinated centers and reported in literature (Pulkit Garg et al. 2018; Ford, Zapol, and
Cooley 2015; Grad et al. 2000). In contrast to un-defected niobium, the degeneracy of tyg
and ey states is lifted due to the presence of defects i.e. dislocations and grain boundaries.
The presence of antibonding peak around 1eV in the DOS curve of Nb;sVac; indicates to
reduction in bond strength around the point defect thus decreasing the structural and

electronic stability of niobium with vacancy as compared to bcc niobium (figure 20b).
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In the presence of dislocation dipole structures the d states energies re-order to new
iso-energetic d,, and d,z_, states, d,, and d,, states, and a non-degenerate d,= state
(figure 20c). The total DOS curve for niobium with dislocation dipole structure is in good
agreement with the reported DOS curve (L. Dezerald et al. 2014). Further, in case of £5
(310) symmetric tilt grain boundary the degeneracy of e states is further lifted between
the d,2_,2 and d,2 states (Fig. 5e). Additionally, the initial degeneracy of t,, states is
reduced since onlyd,,and d,, states overlap with each other while d,, is non-
degenerate. Similar non-degenerate splitting of d states is observed in other grain
boundaries; however the extent of non-degeneracy is different in different grain
boundaries (figure 20d-j). Thus, the degeneracy of the valence and conduction band d-
states is removed due to the localized bonding distortion at the defects. The partial or
complete removal of the d state degeneracy is determined by the extent and nature of
asymmetry introduced by the defect(G. Lucovsky et al. 2005). Therefore, changes in
local coordination of atoms at the defects trigger splitting of orbitals, thereby enhancing
tendency of niobium towards magnetism, which can lead to a magnetic states at defects

in the presence of an external magnetic field.
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Figure 20: Total and orbital decomposed density of states curves for (a) bce niobium, (b)
niobium with 6.25 at% of vacancy, (c) screw dislocation dipole, (d)-(h) <100> family of
STGBs, (i) <110> family of STGB and (j) <111> family of STGB.
5.3.3.2 Bader Charge Analysis

The response of a material to an external source depends on the nature of atomic
bonding between the atoms which is associated with the atomic charge distribution(P.
Garg, Bhatia, and Solanki 2019; P. Garg, Adlakha, and Solanki 2019). Bader’s quantum
theory of atoms in molecules defines atoms, bonds and chemical structure of the material
as a function of the electron density in the system(Sanville et al. 2007; Carballo-Cérdova
et al. 2019). The charge obtained from the first-principles calculations was separated and
determined for each atom using the Bader charge analysis. A sufficient number of core
electrons were included (6 4p, 4 4d and 1 5s electrons) to obtain correct results from
Bader charge analysis. Figure 21 shows the Bader charge around niobium atoms for
different defects. A significant amount of charge accumulation (0.1 e) and reduction (0.1
e) was observed in niobium with 6.25 at% vacancy as a result of decreased atomic
coordination number which leads to reduced hybridization between the electrons (figure
21a). Charge redistribution around the dislocation dipole core structures is considerably
lower (£0.03) due to the symmetric nature of the line defect (figure 21b). Considerable
charge redistribution varying from 0.05e to 0.25e was observed in the bi-crystals
especially around the grain boundary atoms (figure 21c-i). For example, in case of
213(023) STGB some of the grain boundary atoms have accumulated Bader charge of

11.12e (red atoms) while some GB atoms have depleted charge of 10.90e (blue atoms) as
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compared to the Nb atoms away from the GB which have a Bader charge of 11.00 e
(green atoms) same as bcc Nb. Thus valence charge transfer around the defects can lead
to localization of electrons, leading to their significantly different magnetic properties as
compared to the bulk and enhancing tendency of niobium towards magnetism in the

presence of external magnetic field.
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Figure 21: Bader charge analysis for (a) bcc niobium with 6.25 at% of vacancy, (b) screw
dislocation dipole, (c)-(g) <100> family of STGBs, (h) <110> family and (i) <111>
family of STGB. The atoms are colored according to the Bader charge on each atom.
Next, the partial and orbital decomposed DOS for different Bader atoms of all the
grain boundaries studied here were obtained to determine the localized effect of planar
defects on flux trapping behavior. As an illustration, the orbital and partial DOS are
shown for the Bader atoms of £3 (111) GB, the grain boundary with highest magnetic
moment and trapped flux (figure 22). 23 (111) GB in figure 22 (a) is colored based on the
Bader charge analysis, where green atoms (11.0 e) represent the bulk niobium atoms
away from GB and the red (11.25 e) and blue atoms (10.75 e) represent the GB atoms
with accumulated and depleted charge respectively. The partial DOS for the niobium
atoms away from the GB, and at the grain boundary with accumulated and depleted
charge respectively were found to be different from each other (figure 22b). The
accumulated electrons occupy d,2_,. orbitals in addition to d,, and d, orbitals already
occupied by the original 4d electrons (figure 22d). In bulk Nb atoms, localization of d
orbitals was observed due to d,2_,2 and d,z around -1.5 eV (figure 22c). However, a
stronger localization of d orbitals was observed in the grain boundary atoms with
accumulated Bader charge from the additional peaks of d,,and d,, orbitals around -3.5
eV (figure 22d). Whereas, the delocalization contribution was reflected from the
smoother DOS curve of the GB atoms with depleted Bader charge (figure 22¢). The spin-
up and spin-down DOS curves are symmetric for the grain boundary atoms as well as for

the atoms away from grain boundary and there is no net magnetic moment in the bi-
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crystal simulation cell. However, the accumulation and depletion of charge at the grain
boundary atoms can enhance non-paramagnetism in niobium, leading to a magnetized
state when the material is exposed to an external magnetic field. Such non-paramagnetic
behavior has been observed in niobium where the material underwent transition from a
non-magnetic state to a low-spin antiferromagnetic state to a high-spin ferromagnetic

state upon lattice expansion(Jani, Brener, and Callaway 1988; Moruzzi and Marcus

1990).
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Figure 22: (a) Bader charge analysis for 23 (111) STGB in niobium. Atoms are colored

according to the Bader charge on each atom. (b) Partial DOS curves for different atoms
selected based on Bader charge analysis of £3 (111) STGB. Orbital decomposed DOS

curves for (c) bulk atom, grain boundary atom with charge (d) accumulation and (e)

depletion respectively below the Fermi level in £3 (111) STGB.

72




5.4 Summary

In summary, the present work provides a theoretical point of view to understand the
interaction of external magnetic field with different lattice defects like dislocations and
grain boundaries and its effect on the magnetic properties of niobium via first-principles
methods. Equilibrium defect structures were obtained using DFT methods and the
external magnetic field was applied within the FP-LAPW code formulation. The
magnitude of trapped flux at a vacancy was found to be significantly smaller as compared
to the dislocation dipole and grain boundaries with grain boundary character playing a
significant role on flux trapping. Further, the electronic structure of defects was
determined using density of states and Bader charge analysis within first-principles
framework to illustrate the underlying mechanism of interactions between external
magnetic field and defects. Charge redistribution and splitting of d states in the defect
region suggest towards their significantly different magnetic properties and non-
paramagnetic behavior as compared to bcc niobium. Different electronic structure of
defects as compared to bulk niobium indicates to a magnetized state in the presence of an

external magnetic field thereby promoting flux trapping at defects.
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CHAPTER 6

6 SUMMARY AND FUTURE WORK
Niobium is the primary material for fabricating superconducting radio frequency
cavities for particle accelerators owing to its superconducting properties, extremely low
surface resistance to charge carriers and good ductility and malleability. However, the
effectiveness of niobium is significantly reduced due to the presence of impurities like
hydrogen which nucleate non-superconducting hydride precipitates or due to the
development of a non-superconducting region upon magnetic flux trapping at the lattice
defects. In this dissertation, first-principles methods were implemented to systematically
investigate the underlying mechanisms associated with the observed low hydrogen and
hydride concentration in nitrogen treated niobium. The firs-principles calculations were
also implemented for the first time to gain a theoretical perspective about the
experimental observation that lattice defects like dislocations and grain boundaries are
effective sites for trapping magnetic flux in high-purity superconducting niobium. This
understanding will aid in development of processing techniques to minimize undesirable
impurity and defect density to improve the quality factor of niobium for SRF cavities.
The several insights gained from this dissertation include:
(i)  Addition of nitrogen significantly affects hydrogen binding in niobium. In the
presence of nitrogen, hydrogen binding in niobium was suppressed but the
suppressing effect was dominant only in the proximity of nitrogen, approximately

up to a distance of 2.5 A away from nitrogen.
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(i)

(iii)

(iv)

(v)

The density of states and valence charge transfer calculations showed that the
suppressing effect of nitrogen on hydrogen binding in niobium was due to the
weakening of covalent bonds between the niobium and hydrogen atom.

Nitrogen doping affected kinetic stability of hydrogen in niobium since the
minimum energy path for hydrogen diffusion from one tetrahedral site to another
was altered, leading to a notable increase in the activation energy barrier for
hydrogen diffusion.

The B — NbH precipitate became energetically unstable near a nitrogen atom in
the niobium matrix since the niobium hydrogen covalent bonding was disrupted
by nitrogen. Thus, introduction of nitrogen into the surface of niobium cavities
significantly decreased the thermodynamic and kinetic stability of hydrogen in
niobium and consequently reduced the likelihood of hydride precipitation as also
demonstrated experimentally.

The screw dislocation core was observed to transform from a non-degenerate to
degenerate dislocation core due to the presence of hydrogen. The valence charge
transfer calculations indicated towards hydride precipitation as a contributing
factor to the stability of degenerate dislocation core configuration upon addition
of hydrogen. Further, presence of hydrogen increased the energy barrier for
dislocation motion leading to solute hardening and significantly altering the

plastic behavior of niobium.
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(vi) Nitrogen doping significantly affected hydrogen segregation at niobium grain
boundaries, however the suppressing effect of nitrogen on hydrogen segregation
was dominant only in the proximity of nitrogen (~2.6 A).

(vii) Equilibrium defect structures were obtained using first-principles methods and
full-potential linear augmented plane-wave methods were used to analyze the
effects of magnetic field on the superconducting state surrounding these defects.

(viii) A considerable amount of trapped flux was obtained at the dislocation core and
grain boundaries in niobium which can be attributed to significantly different
electronic structure of defects as compared to bulk niobium.

(ix) Electronic structure calculations indicate that electron redistribution at defects
enhances non-paramagnetic effects that perturb superconductivity, resulting in
local conditions suitable for magnetic flux trapping.

Thus, hydride suppression due to the presence of nitrogen could be one of the
contributing factors to the increased quality factors beyond the traditional SRF Nb recipes
in cavities using this nitrogen doping recipe that are currently being produced. However,
increase in quality factors in nitrogen-doped cavities has also revealed an issue of flux
trapping due to the presence of impurities in bulk Nb. Therefore, controlling
accumulation or depletion of charge at the defects could mitigate these tendencies and aid
in improving superconductive behavior of niobium.

In the previous chapters, lattice defects have been shown as effective sites for
trapping magnetic flux in high-purity superconducting niobium. The fabrication and

processing of niobium SRF cavities involves plastic deformation that introduces
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microstructural defects such as geometrically necessary dislocations, dislocation
entanglements, and strain localization around GBs, which can lead to increased or
decreased magnetic flux pinning at the defects, thereby affecting the residual resistance.
The first-principles studies indicate that the grain boundary character plays a significant
role on the flux trapping behavior of Nb. However, the effect of deformation on the flux
trapping behavior of defects needs to be further evaluated. The relationship between
strain fields around microstructural defects and magnetic flux trapping is not well
understood, so it is necessary to investigate the effect of deformation in Nb on flux
pinning by defect structures. Once understood, this will help identify new processing
methods to obtain an optimized microstructure for niobium cavities. Thus, first-principles
calculations can be used to investigate the flux trapping tendency of £5(210) grain

boundary under uniaxial tension.
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Figure 23: Schematic of external magnetic field (Bex) along GB plane of X5 (210) GB in
Nb under uniaxial tension.

Niobium does not occur in a free state in nature and is usually found together with
tantalum in the minerals like tantalite. The single grain sheets of Nb usually have an
oxide layer of mixed oxides of niobium (Nb,Os) and tantalum (Ta,Os). Hydrogen can

enter niobium whenever the natural oxide layer is removed during processing and
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fabrication of cavities. The oxide layer can serve as a potential source of oxygen during
bake-out in the solid solution form at the oxide-niobium interface. Thus, first-principles
methods can be employed to study the relative thermodynamic stability of niobium and
tantalum oxides at the Nb surface. A surface model of Nb and Nb with dilute
concentrations of tantalum was built from an optimized Nb bcc crystal by cleaving a
4x4x4 supercell along the [100] direction. During surface optimizations, atomic
coordinates in the bottom two-slab layers will be held fixed in their bulk positions.
Although the Nb surface was oxidized through the adsorption of oxides, there was no
explicit removal of metal atoms from the surface, and the local electronic density on the
Nb atoms will not be precisely +5. With the help of this information, the niobium surface
can be modified to support the formation of oxide layer and prevent entry of H into Nb.
In principle, the anodic (reactions R1 and/or R2) and cathodic (reaction R3) reactions
below represent the interaction of niobium or tantalum with oxygen leading to the
formation of an oxide layer on the surface of Nb.

Nb —» Nb*>+ 5e~ (R1), Ta » Ta™ + 5e~ (R2), 0, + 2e~ - 20~ (R3)
Higher thermodynamic stability of Ta oxide as compared to Nb oxide indicates that a
small increase in concentration of Ta can provide a uniform Ta oxide layer on niobium

surface which can prevent introduction of H into bulk during processing of niobium.
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APPENDIX A

ELECTRONIC STRUCTURE CALCULATIONS FOR INTERSTITAL HYDROGEN

IN NIOBIUM
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Figure Al: (a) Total density of state and (b) valence charge transfer contours for NbigH;

(hydrogen atom at a tetrahedral site). Yellow and cyan iso-charge surfaces respectively

b)

represent an accumulation and depletion of charge of 0.027e/A% in (b).
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APPENDIX B

NUMBER OF ATOMS AND K-POINT MESH USED FOR GRAIN BOUNDARIES
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Table Al: Number of atoms in the simulation cell and the k-point mesh used for different

grain boundaries.

Grain Boundary Atoms K-point mesh
5 (210) 60 6x1x14
25 (310) 84 4x1x14
213 (023) 104 4x1x14
237 (016) 144 4x1x9
217 (014) 68 2x1x9
>3 (111) 66 4x1x7
21 (101) 72 6x1x14
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