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Abstract 
Superconducting radio frequency cavities are primarily 

fabricated from niobium. The superconducting material 
expels the external magnetic field, while operating in 
Meissner state. However, due to defects such as grain 
boundaries, the field can be pinned in the material even 
after the external field is removed, thereby reducing the 
effectiveness of niobium. The mechanism for such 
behavior is unknown; therefore, first-principles methods 
were used to gain a theoretical perspective on the role of 
grain boundaries on magnetic flux trapping. The external 
magnetic field was simulated within the first-principles 
framework along the grain boundaries to determine their 
flux trapping tendencies. The results clearly demonstrate 
a significant amount of trapped flux and the electronic 
structure of defects was observed to be significantly 
different from bulk niobium. Overall, defects and their 
interaction with the external magnetic field leads 
enhanced non-paramagnetic behavior in niobium. 

INTRODUCTION 
Superconducting radio-frequency (SRF) cavities, one of 

the critical components to develop high-performance 
particle accelerators, are primarily fabricated from 
niobium [1,2]. SRF cavities are operated in the Meissner 
state such that an external magnetic field is expelled from 
the superconducting material [3]. However, 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 [4,5].  The performance of SRF cavities is 
measured in terms of the quality factor 𝑄ை =  𝐺 𝑅ௌ⁄ , 
where the geometric factor G depends on the cavity 
geometry and 𝑅ௌ is the surface resistance of the inner 
cavity wall [6,7]. The surface resistance (𝑅ௌ) comprises 
of the Bardeen-Cooper-Schrieffer (BCS) resistance 𝑅ௌ 
and the residual surface resistance 𝑅௦ [8,9]. The 𝑅௦ 
arises from magnetic flux trapping, normal conducting 
precipitates, impurities, defects etc., which depend on the 
material properties [10,11]. The major contribution to 𝑅௦ stems from magnetic flux trapping at defects during 
cavity cooling [12,13] and therefore it is critical to reduce 
the trapped magnetic flux in order to improve 𝑄ை of 
niobium SRF cavities. 

The flux trapping at the crystal lattice imperfections 
like dislocations and grain boundaries contribute to 𝑅௦ 
and degrade the performance of niobium for SRF 

applications [14–16]. Aull et al. [17] 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 [18,19]. 
Additionally, flux trapping due to hydride segregation 
along the low angle grain boundaries has also been 
reported during magneto-optical imaging analysis [20]. 
Several theories such as crystal-anisotropy of the upper 
critical field [21,22], electron-scattering at the grain 
boundary [19], elastic interactions between the 
dislocations present at the grain boundaries and the flux 
line lattice [23] 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 grain boundaries on magnetic flux trapping 
in niobium within the first-principles framework. 
Equilibrium structures for 5(210) and 5(310) grain 
boundaries 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 planar defects in 
niobium. 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 
magnetic field and grain boundaries, the electronic 
structure of defects was analyzed using electronic density 
of states and Bader charge analysis within first-principles 
framework. Differences in the electronic structure of 
defects as compared to bcc niobium indicate to a potential 
magnetic state in the presence of an external magnetic 
field thereby promoting flux trapping at grain boundaries 
in niobium. Such information will provide guidance for 
developing processing techniques to minimize 
undesirable boundaries and improve the quality factor of 
niobium SRF cavities.  

COMPUTATIONAL METHODOLOGY 
The first-principles calculations were performed within 

density functional theory (DFT) framework using Vienna  ____________________________________________  
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Ab-initio Simulation Package (VASP) [24]. The projector 
augmented wave (PAW) pseudopotentials with Perdew-
Burke-Ernzerhof (PBE) [25,26] exchange-correlation 
formulation were used to represent niobium with the 
valence 5s, 4d, and six of the 4p electrons. A plane wave 
basis set with an energy cutoff of 550 eV was used to 
represent the wave function with a Monkhorst Pack k 
point mesh, selected after extensive convergence studies 
for different defect structures to carry out the Brillouin-
zone integrations [27]. The computed niobium lattice 
parameter of 3.31 Å and other equilibrium structure 
parameters like elastic constants were found to match 
very well with the previously reported experimental and 
theoretical values [14]. 

The state-of the-art all-electron full-potential linearized 
augmented plane wave (FP-LAPW) code was used to 
analyze the flux trapping behavior of defects in niobium 
[28]. The FP-LAPW code formulation is based on the 
Kohn-Sham equations for external field in a two-step 
process [28-30]. In the first-variational step a Hamiltonian (𝐻) containing only the scalar potential and E field is 
constructed 𝐻 =  𝑇௦  𝑉௫௧  𝑬. 𝒓ො  𝑉௫  (1) 

and diagonalised with 𝐻|ൿ  =  |ൿ. 𝑇௦ represents the 
kinetic energy, 𝑉௫௧ is the external potential, 𝑉௫ is the 
exchange-correlation (XC) potential and i is the orbital 
energy of the corresponding Kohn–Sham orbital, i [28]. 
In the second-variational step, the magnetic fields, spin-
orbit coupling and A field are added using the first-
variational step as a basis 𝐻 =   ൻ| ∙ ൫𝑩𝒆𝒙𝒕  𝑩𝒙𝒄൯   ∙ 𝐿  𝑨 ∙   |ൿ
(2) 
where Bxc is the XC 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 (r) and the magnetization vector field m(r). An 
external magnetic field (Bୣ୶୲ = 171.5 mT) was applied 
along different defects, below superconducting transition 
temperature of niobium (Tୡ = 9.25 K), during the flux 
trapping calculations. Periodic boundary conditions were 
maintained along all directions. The applied field was 
decreased by a factor of 0.85 after each self-consistent 
loop such that the applied field is infinitesimal at the end 
of all loops. The self-consistent loop converged when the 
total energy is <10-3 eV and the root mean square change 
in Kohn-Sham potential and magnetic field is <10-3 Tesla. 

Molecular dynamics (MD) simulations were used to 
model the equilibrium grain boundary (GB) structures 
using empirical interatomic potentials. <100> symmetric 
tilt grain boundary (STGB) systems were created in 
Large-scale Atomic/Molecular Massively Parallel 
Simulator (LAMMPS) [31] with semi-empirical 
embedded atom method (EAM) potential for niobium. 

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 (see Figure 1a) [32-35]. For instance, the 
5(210) niobium grain boundary was modeled by two
(210) oriented slabs of Nb each, reflected with respect to 
the xz-plane followed by an atom deletion technique and 
energy minimization using a nonlinear conjugate gradient 
method (see Figure 1b) [36-38]. All atoms of the GB 
supercells were allowed to relax to an energy convergence 
of <10-6 eV [39]. The grain boundary energy (Eୠ) was 
calculated as the difference between the energy of the GB 
simulation cell with n atoms (E୬) and the cohesive energy 
of niobium atoms (𝐸) per unit area of the grain 
boundary plane (A).Eୠ =  ష ∗ుౙଶ   (3) 

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〉 tilt axes of 
niobium is shown in Fig. 1a. Furthermore, Fig. 1b 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 color bar corresponds 
to the GB energies between 600 mJ mଶ⁄  and 1400 mJ mଶ⁄  
which represents the GB database for the three symmetric 
tilt axes of niobium. The observed trends of the grain 
boundary energy with mis-orientation angle are 
comparable to the previously reported values [40]. 

Figure 1: Grain boundary energy (Eୠ) represented as a 
function of (a) mis-orientation angle and (b) polar and 
azimuthal angles for <100> STGBs in Nb. Schematic of 
externally applied magnetic field (Bext) along the grain 
boundary plane of (c) 5(210) and (d) 5(310) GBs in 
Nb. Atoms are colored according to the common neighbor 
analysis, where blue and red circles represent bcc and GB 
atoms, respectively. 

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) 
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perpendicular to the GB plane were obtained from the bi-
crystal simulation cell of MD calculations. The smaller 
supercell of the grain boundary was relaxed within DFT 
framework. The k point mesh 6x1x14 was used for 5 
(210) GB supercells, selected after extensive k point 
sampling, based on the convergence studies. The atoms 
were relaxed with 10-6 eV energy tolerance while 
maintaining a constant volume and shape of the supercells 
and with negligible interactions across the periodic 
images. 

RESULTS AND DISCUSSION 
The first step towards understanding the flux trapping 

behavior at different GBs in niobium 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 Tୡ. 
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 grain 
boundaries on flux trapping in niobium using the first-
principles and FP-LAPW methods. 

To examine the role of grain boundaries on magnetic 
flux trapping in niobium, the external magnetic field was 
applied along the GB plane parallel to x-axis of the 
simulation cell, as illustrated in Figs. 1(c) and 1(d). The 
trapped or residual magnetic flux density (B୰) due to the 
presence of defects in niobium was calculated from the 
remnant magnetic moment (M) as: B୰ = బ                 (4) 

where V is volume of the supercell and is the 
permeability of vacuum (4𝜋 ൈ 10-7 H/m). 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 0.54 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. 4, given in Table I. 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 [41]. 

Table 1: The Magnitude of Trapped Magnetic Flux at 
Different Grain Boundaries in Niobium 

Flux trapping at Nb grain boundary 

Grain 
Boundary 

Volume 

(Å
3
) 

Magnetic 
moment () 

Trapped 
Flux (mT) 

5 (210) 1098.5 0.54 5.74 

5 (310) 1535.9 2.00 15.17 

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 [42]. Therefore, examination of the 
electronic structure can play a crucial role in elucidating 
the underlying mechanisms associated with flux trapping 
behavior of defects in niobium. The partial and orbital 
decomposed DOS for different Bader atoms of the grain 
boundaries were obtained from VASP to determine their 
localized effect on flux trapping behavior and elucidate 
the underlying mechanisms associated with flux trapping 
behavior of defects in niobium. 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 [43,44]. 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 [45].  The charge 
obtained from the first-principles calculations was 
separated and determined for each atom using the Bader 
charge analysis. 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) [46,47]. All the 
electronic density of states calculations were performed 
using the tetrahedron smearing method with Blöchl 
corrections within DFT framework. 

 
Figure 2: (a) Bader charge analysis for 5 (210) STGB in 
Nb. Atoms are colored according to the atomic Bader 
charge. (b) Partial DOS curves for different atoms 
selected based on Bader charge analysis of 5 (210) 
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 5 
(210) STGB. 

As an illustration, the orbital and partial DOS are 
shown for the Bader atoms of 5 (210) GB (Fig. 2). The 
partial DOS for the niobium atoms away from 5 (210) 
grain boundary, and at the grain boundary with 
accumulated and depleted charge respectively were found 
to be different from each other (Fig. 2b). Additional states 
were observed below the Fermi level corresponding to 
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electron accumulation in the DOS curve of grain 
boundary atom with higher Bader charge as compared to 
the atoms away from grain boundary (Fig. 2d). The 
accumulated electrons occupy d௫మି௬మ orbitals in addition 
to d௬௭  and d௫௬ orbitals already occupied by the original 
4d electrons (Fig. 2d). On the other hand, the peaks below 
the Fermi level diminished in the DOS curve of grain 
boundary atom with lower Bader charge as compared to 
the bulk atoms indicating towards electron reduction at 
the grain boundary atom (Fig. 2e). 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-crystal 
simulation cell. However, the degeneracy of t2g and eg 
states, in un-defected niobium, is lifted due to the 
presence of grain boundaries. Furthermore, the valence 
charge transfer around the defects can lead to localization 
of electrons, resulting in significantly different magnetic 
properties of defects as compared to the bulk and 
enhancing tendency of niobium towards magnetism in the 
presence of external magnetic field. 

CONCLUSIONS 
In summary, the present work provides a theoretical 

point of view to understand the interaction of external 
magnetic field with grain boundaries and its effect on the 
magnetic properties of niobium via first-principles 
methods. Equilibrium grain boundary structures were 
obtained using DFT methods and the external magnetic 
field was applied within the FP-LAPW code formulation. 
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 in niobium. 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 in niobium. 
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