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Abstract: The question of whether grain boundaries (GBs) in niobium can be responsible for lowered
operating field (Brr) or quality factor (Qo) in superconducting radio-frequency (SRF) cavities is still
controversial. Here, we show by direct DC transport across planar grain boundaries isolated from a slice
of very large-grain SRF-quality Nb that vortices can preferentially flow along the grain boundary when
the external magnetic field lies in the GB plane. However, increasing the misalignment between the GB
plane and the external magnetic field vector markedly reduces preferential flux flow along GB.
Importantly, we find that preferential GB flux flow is more prominent for a buffered chemical polished
than for an electropolished bi-crystal. The voltage-current characteristics of GBs are similar to those seen
in low angle grain boundaries of high temperature superconductors where there is clear evidence of
suppression of the superconducting order parameter at the GB. While local weakening of
superconductivity at GBs in cuprates and pnictides is intrinsic, deterioration of current transparency of
GBs in Nb appears to be extrinsic, since the polishing method clearly affect the local GB degradation.

The dependence of preferential GB flux flow on important cavity preparation and experimental variables,
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particularly, the final chemical treatment and the angle between the magnetic field and the GB plane,
suggests two more reasons why real cavity performance can be so variable.

*email: zsung@fnal.gov

1. Introduction

With the push to develop high performance superconducting radio frequency (SRF) Nb cavities,
the role of grain boundaries (GBs) as potentially important RF current-limiting defects needs to be better
understood. During the past few decades, the SRF technology has made big strides with some cavities
now approaching the theoretical performance limits of Nb. For instance, a single cell cavity made of high
purity (RRR: residual resistivity ratio > 250), large grain (> 5-10 cm) niobium ingot slice reached
accelerating electric fields of 45-50 MV/m at the maximum magnetic field, Hrr = 150-180 mT, which is
close to the theoretical superheating field, Bs, of niobium at 2 K [1, 2, 3]. However, the significant
degradation of the quality factor Q(Hrr) above the RF fields of Hrr > 120 mT which have been often
observed on the Nb cavities hinders the progress in reaching the maximum accelerating gradient in multi-
cell cavities like those needed for the International Linear Collider (ILC). Performance loss referred to as
the high field Q-slope (HFQS) is a complicated phenomenon and the mechanisms of which in relation to
intrinsic materials and superconducting properties have not been well understood [4].

Many models of HFQS have been suggested in the literature; for instance, the hydride proximity
effect with vacancy-hydrogen complex formation [5, 6, 7, 8], oxide redistribution [9, 10], preferential flux
penetration induced by surface roughness combined with dislocations [11] and trapped vortex hotspots
[12, 13]. Although such models generally postulate a surface with degraded superconducting properties
within a London penetration depth, A ~ 50 nm, relative to the bulk, the variation of superconducting
properties within the 3D (dimensional) GB network inevitable in any real Nb cavity has not been
addressed. Grain boundaries in metallic SRF Nb are prone to segregation of impurities and other materials
defects during cavity fabrication [4], which may result in suppression of superconducting order parameter
at the grain boundary. However, the extent to which the GBs degrade the SRF cavity performance is not
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fully understood and remains the topic of ongoing investigation [2, 14, 15]. Previous thermometry studies
of the influence of grain size on the SRF performance of the Nb cavities [16, 17] have shown that only
~10-20% of GBs can trigger localized cavity breakdown. Optical inspection system [18] showed that
some GBs found in a prototype 9 cell ILC cavity contribute to the high-field Q slope and the cavity
quench [19]. Thus, there are indications that the GBs can act as performance limiting defects in some
cases, but the reasons are not fully understood. The motivation for our work is to address why and how it
might be possible that only some GBs can degrade the SRF cavity performance.

Our earlier magneto-optical (MO) imaging studies of Nb bi-crystals [20, 21] showed that a GB
could preferentially admit magnetic flux with respect to the grains on either side. When such flux
penetration occurred, we found that this behavior occurred whether we had performed electropolishing
(EP), buffered chemical polishing (BCP), or even just mechanical flattening. However, preferential flux
penetration along GB did not occur when the GB plane was significantly tilted with respect to the external
field, Hexi. An important feature of the SRF cavities is that the RF current flows only within a surface
layer that is a penetration depth A ~ 40-50 nm thick, a realization that has generated intense effort to
understand and to perfect this surface layer [4]. It is clear that polishing by BCP or EP makes huge
changes to the surface roughness, chemistry, and ultimate the SRF cavity performance in some ways that
are not yet fully understood. The fact that baking at ~120 °C/48hrs, ~600 °C/10hrs or 800 °C/2hrs after
chemical polishing, or recent N> doping [22] or N, infusion [23] strongly affect the SRF performance
makes it clear that diffusion and redistribution of light elements like O, N, and H can play important roles
in determining the local properties of 1D or 2D defects like vacancies, dislocations and GBs [7].

Our earlier MO imaging results suggest a parallel with the intrinsic weak link behavior of GBs in
the high temperature cuprate superconductors (HTS) [24, 25]. However, superconducting properties of a
conventional low temperature superconductor (LTS) like Nb are much less sensitive to the typical
materials defects compared to HTS cuprates which have much lower carrier density and much shorter
coherence lengths (Exy = 40 nm versus Eurs = 1-2 nm). Unlike HTS, the GB problem in Nb is not intrinsic
but may result from such extrinsic factors as contamination of the GBs during cavity processing.
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Moreover, the current-blocking effect of a GB can depend on its relative orientations with respect to the
RF magnetic field and current. Previous investigations of vortex pinning in Nb bi-crystals [26, 27]
showed that the critical current, /., was significantly enhanced by the interaction of vortices with the GB
plane if it was aligned parallel to the external field. In this case, vortices were pushed against the GB by
the Lorentz force so that /. was enhanced. However, if current crosses the GBs, /. could be diminished if
the superfluid density at the GB is reduced.

The possibility of the SRF performance degradation in the Nb cavity due to significant variation
of GB properties produced by very different chemical treatments during cavity fabrication has motivated
the experiments described here. In this work, we investigated the dc magneto-transport properties of a
single GB cut from a large-grain ingot slice of SRF-quality Nb from which high gradient cavities had

been made.

2. Experiment
2.1. Sample Description

We used single- and bi-crystals cut from a very large-grain (grain size > ~5-10 cm), quasi-single
crystal ingot (~ 30 cm in diameter) manufactured by CBMM [2]. The ingot has a high purity, as indicated
by an RRR (residual resistivity ratio) > 250. It was supplied to us by Kneisel and co-workers at Thomas
Jefferson National Accelerator Facility (TJANF or JLAB). JLAB fabricated two superconducting cavities
with such large-grain Nb ingot slices. After final fabrication with a BCP (buffered chemical polishing)
process, the cavities showed an excellent accelerating gradient of ~45 MV/m at 2 K [1].

To investigate the GB properties, we compared the DC transport electromagnetic properties of
single- and bi-crystals cut from the same Nb slice used in the previous work [20, 21]. Figure 1a shows a
schematic of the ingot slice and the GB region used for this study. This image was constructed by
superimposing top and bottom images. A “thick” GB implies a tilted (>> 15°) GB plane while a “thin”
GB has a GB plane mostly perpendicular to the surface. Multiple I-shaped (dog-bone) samples were cut
from the slice by electrical discharge machining (EDM). Single crystals were cut out from a large central
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grain (grain size >> 10 cm), while bi-crystals were cut from the region, indicated by the blue-dotted
rectangles in Figure 1a. This bi-crystal has a crystallographic misorientation of ~ 26° across a relatively
straight and long (> 5 cm) GB plane, thus allowing preparation of several bi-crystals with the same crystal
misorientation. After cutting, all sample surfaces were mildly treated by BCP in order to remove ~ 20-30
pum depth of surface damaged by the EDM cutting.

The samples for transport -/ measurement had to be made as thin as possible in order to reduce
1. because of the difficulty in making low-resistance joints to Nb. A thin sample is also advantageous
because high purity Nb is a marginal type II superconductor with only small difference between its lower
critical field, Hei (4.2 K) = 180 mT, and critical field, Hc (4.2 K) = 200 mT [28]. Thinning the sample
produces a large demagnetizing factor (D) for field perpendicular to the flat sample, causing vortex
penetration to occur at Hey values significantly lower than Hci. In this way we were able to access a much
larger field range in which vortices were present so as to distinguish between intra- and inter-grain V-/
characteristics. We also wanted to make all sample surfaces as representative as possible of an actual
fabricated SRF Nb cavity surface by using typical cavity surface treatments like BCP (buffered chemical
polishing) and EP (electropolishing), while minimizing the introduction of impurities and mechanical

damage to the high purity and soft Nb. The sample were prepared as described below:

1) I-shaped single- and bi-crystals were prepared by mechanically grinding away from
the bottom surface to ~150-200 um thickness, while leaving the top surface in the as-received
condition. We used a special metallographic technique that we developed to minimize damage
to the Nb surface [29].

2) The ground (bottom) surface was ultra-finely polished with 0.05 pm colloidal silica
for ~12-24 hours by a vibratory polisher [30] in order to minimize surface defects which might
induce local corrosive reactions during later chemical treatments and to remove surface

mechanical damage introduced in step 1.



3) All surfaces were finalized with either BCP or EP treatments to produce clean,
damage-free surfaces representative of a typical SRF Nb cavity. In BCP process, the samples
were chemically treated with a mixed solution of hydrofluoric acid (HF, 49.5%), nitric acid
(HNOs3, 69.5%), and orthophosphoric acid (H3PO4, 85%) in a 1:1:2 volumetric ratio at 10-

20 °C for 20-70 min. For EP treatments, I-shape bi-crystals were electropolished at 12 V, for
1.2-1.5 hours after the mechanical thinning (stepl & 2). These BCP and EP treatments further
reduced the sample thickness by up to ~ 80-100 um.

4) The bridge thicknesses of some single- and bi-crystal samples were further reduced
with extra BCP treatments in order to minimize /.. For this secondary BCP procedure, the I-
shaped samples were glued on a sapphire (Al,O3) plate with GE varnish and the two current
contacts at the ends of the “I” were wrapped with polytetrafluoroethylene (PTFE) tape to
prevent excess thinning during the second BCP.

5) To further investigate whether GB grooves produced during BCP treatments have any
effect on the measured V-/ characteristics, an artificial groove was cut in a single crystal using
a focused ion beam (FIB). In parallel with this FIB-made groove, an initially tested BCP’ed
bi-crystal was re-measured after removing the BCP-made groove by mechanical polishing

using 6 and 1pum diamond and 0.05 um colloidal silica on a vibratory polisher.

Figure 1b and 1¢ show both top and bottom surface images of an I-shaped (dog-bone) bi-crystal
sample after step 3. Surface, GB topological features, and dimensions of the samples prepared for the DC
transport characterization were evaluated by scanning laser confocal microscopy (SLCM) and are listed in
Table 1. We found that BCP produced a deep (~ 4-7 um) and highly-inclined GB groove. In contrast,

much shallower (~ 0.3-0.5 um) and narrower (~ 0.5-2 um) GB grooves were formed by EP.

2.2. DC field transport V-I characterizations



We employed the same transport current characterization method used earlier for exploring the
properties of low angle grain boundaries (LAGB) in HTS YBCO thin film bi-crystals [24, 25]. The
external magnetic field (Hex) was applied parallel to the straight GB plane of our bi-crystals, while the
transport current flowed perpendicular to the GB plane, as illustrated in Figure. 1d, where 8 is the angle
between the applied magnet field and the GB plane. In this geometry, the Lorentz force is parallel to the
GB plane, allowing us to reveal any tendency for weak superconductivity at the GB. To supplement our
earlier MO study [20, 21], we also rotated the GB plane relative to Hex. For this DC transport
characterization, we used a 1 T (Tesla) electro-magnet having very low remnant field (1-5 Oe) in order to
avoid concerns about the effect of remnant fields on the V-1 responses. Although our Nb samples were
thinned down to the order of 10 um, /. was still rather high, so to avoid heating at the current joints we
measured the V-1 curves in DC mode at 1 mA <1< 0.5 A and in pulsed mode at higher currents 0.5 A <1

< 1.5 A. All measurements were performed at 4.2 K in a liquid helium bath to ensure maximum cooling.

3. Results

Voltage-current density characteristics of the BCP-treated single and bi-crystal samples are
shown in Figure. 2 in both linear (a), (b) and log-log (c), (d) coordinates. The V-J curves of the BCP’ed
single crystal show a typical flux flow behavior, except for the highest /. log-V log transitions found at the
lowest test field of 50 mT, where we believe some current transfer resistance is present. At higher Hex,
both sets of V-I characteristics of the single crystal show a smooth and progressive increase in voltage as
current is increased above /.. This behavior indicates no preferential flux flow channels in the single
crystal. In contrast, the bi-crystal (Figure. 2b and 2d) shows a distinctly bimodal resistive behavior. In
log-log coordinates, the V-J curves are single crystal-like for Hex < 80 mT, but for Hex > 80 mT they
show a marked change, now exhibiting clear evidence of a resistive transition at a much lower critical
current /y, than /. in the grains on either side of the GB. As the current is raised, V' rises much less steeply
than for the single crystal in Figure. 2a and 2c, transitioning smoothly to the single crystal characteristics
at higher / and J. The lower voltage transition is quasi-linear, as shown in Figure. 2b. At Hex; > 80 mT,
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the V response starts to show a linear dependence. He = 80 mT corresponds to the onset of preferential
GB flux flow at much lower currents than which causes vortex motion within the grains on either side of
the GB. These characteristics show that inter-granular critical current, /7, is well below /. in the grains. The
displaced ohmic behavior V = (I-I,)-R at I = I, defines the excess GB resistance R(H) [24].

Because, in general, EP-treated polycrystalline cavities are superior to BCP’ed cavities [3, 4, 31],
we also compared the transport V-J characteristics of an EP’ed bi-crystal (BC3) with that of a BCP’ed bi-
crystal (BC1). This EP’ed bi-crystal was extracted from the GB region indicated in Figure 1a. It had a
relatively narrow (~ 0.5-1 pm) and shallow (~ 0.3-0.5 um) GB groove compared to the BCP’ed bi-crystal
(BC1), as detailed in Table 1. The V-J characteristics of the EP’ed bi-crystal are shown in Figure. 3. In
contrast to the BCP’ed bi-crystal in Figure. 2b and 2d, this EP’ed bi-crystal showed no discernable
preferential GB flux flow behavior in either log-log or linear scale coordinates. In fact, the V-
characteristics of EP’ed bi-crystals are rather similar to those of the BCP’ed single crystal. However,
some indications of preferential GB flux flow are observable at low transport currents for fields < 100 mT
in the linear V-1 coordinates (Figure 3a), and for fields > 130 mT in the log-log coordinates (Figure 3b).
Nevertheless, the dissipation is obviously much smaller than in the BCP’ed case.

To understand whether the large GB groove developed by the BCP facilitates the GB flux flow,
we explored the transport characteristics of (1) an artificially grooved BCP’ed single crystal (SC2) by
trenching the top and bottom surfaces with focused Ga ion beam (FIB) after the final BCP treatment, and
(2) a mechanically flattened bi-crystal (BC4), in which the top and bottom surfaces groove produced by
the BCP treatment were completely smeared away by ultra-fine mechanical polishing. We used a 557 pm
(w) x 59 pm (r) BCP-treated single crystal. A focused heavy Ga ion beam could damage the surface
microstructure of the niobium, thus we followed the same delicate FIB procedure developed for TEM
sample preparation [29] in order to minimize damage. The V-J characteristics of these two samples are
shown in Figure. 4 (SC2) and Figure. 5 (BC4), respectively. In the case of the grooved single crystal
(SC2), transport superconducting properties in fields up to 150 mT were not depressed by the artificial
groove. However, at higher fields (Hex > 200 mT, H. (Nb) is ~ 180-200 mT at 4.2 K [28]), there was an
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ohmic component to the behavior, which suggests that vortex flow appeared at the necked region of
smaller cross-section (~ 10% of width and ~ 25% of thickness reduction) produced by FIB milling. We
interpret this crossover behavior as occurring by additional vortex pinning induced by Ga" ion radiation
damage at lower fields.

As a second test of the influence of grooving, Figure 5 shows that GB flux flow is still very
evident even after the GB groove was completely removed by mechanical polishing (BC4). The quasi-
linear V'-J characteristics in the linear coordinates again indicate preferential GB flux flow of vortices,
similar to those in the BCP’ed state (BC1) in Figure. 2. The results of these two experiments suggest that
variations of local topology or grooving are not the prime reason for preferential GB flux flow.

To study the angular dependence of preferential GB flux penetration observed in the earlier MO
work [20, 21], the V-J characteristics of the BCP’ed bi-crystal (BC2) and the mechanically smoothed bi-
crystal (BC4) were evaluated by rotating the GB plane with €= 0°, 30°, and 60° at Hex = 80, 150, and
230 mT, respectively. Figure 6 shows that the GB flux flow dissipation is clearly greatest when the GB
plane and Heyc are parallel (6 = 0°), but the voltage is markedly reduced as the angle 4 increases. This GB
effect is more prominent in the smooth-polished bi-crystal. At Hexe = 80 mT, in the case of the BCP’ed bi-
crystal sample (BC2), the pronounced GB flux flow almost disappeared when Hey was tilted ~ 30° away
from the GB, but, for the mechanically smoothed bi-crystal, the GB dissipation disappeared only for a 60°
tilt angle. It was also found that the intra-grain J. is nearly doubled by the mechanical polishing. A similar
tendency is seen for Hex > Her (= 120 mT at 4.2 K) in Figure. 6b and 6d. For instance, the 60° misaligned
J. value when the GB is not limiting /. is about 2 times higher for the polished bi-crystal. It is likely that
one reason for this is the surface damage introduced by mechanical polishing that introduces high density

of dislocations, enhancing vortex pinning at the GB.

4. Discussion
In this study we measured the influence of a grain boundary of high misorientation angle (~26°),

extracted from SRF-quality Nb ingot slice [1, 2], on the DC transport properties. Direct transport V-J
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characterizations showed that the GB goes into flux flow before the grains on either side do when the
magnetic field is nearly parallel the GB plane. This preferential GB flux flow shows a quasi-linear V-/
characteristic and a distinct kink in the log-log scale V-J plot, as is clearly shown in Figure. 2. GB flux
flow is much more substantial in BCP’ed than EP’ed bi-crystals, indicating that grain boundary damage is
greater after BCP than after EP treatments. Moreover, the dependence of the appearance of the onset of
flux flow at GB on the angle between the magnetic field and the GB plane may indicate why there is no
simple correlation between the single GB results presented here and SRF cavity performance.

The field-dependent critical current densities, J.(H), of the samples studied are compared in
Figure. 7. As marked in Figure. 2¢ and 2d, J.(H) is defined with an 0.1 uV/cm electric field criterion and
is very sensitive to the appearance of excess GB resistivity. The shape of all J.(H) characteristics are very
similar to each other, except for the FIB’ed single crystal. The inset represents the normalized ratio of
Jo«(H) of the samples with the BCP’ed single crystal (SC1). It is clearly seen that J.(H) of the FIB’ed
single crystal rapidly increases for Hex > 0.1 T, indicating that the FIB milling significantly enhanced
vortex pinning. However, as expected, J.(H) of the BCP’ed bi-crystal (BC1) is markedly lower than for
the BCP’ed single crystal (SC1), the J.(H) difference between them being 2 to 3 after the onset field of
GB flux flow, Hext = 80 mT. Most importantly, the EP’ed bi-crystal (BC3) always shows higher J.(H),
compared to the BCP’ed bi-crystal (BC1), especially for Hexe > 0.2 T. However, this EP’ed bi-crystal
show slightly lower J.(H) than for the flattened bi-crystal (BC4). This suggests that bulk vortex pinning is
enhanced by mechanical polishing damage, and also that, unlike BCP, the EP process can efficiently
remove Nb surface without a significant negative effect on the GB. The J.(H) comparison shows that
variations in bulk superconductivity of SRF Nb are highly dependent on the specifics of the surface
treatment.

In these DC experiment, the entire GB plane contributes to the flux flow, unlike the RF
supercurrents flowing only within the penetration depth, A = ~ 40-50 nm at the cavity surface. Thus only a
50-100 nm portion of the whole GB plane may contribute to the Q(H) curve of the SRF Nb cavities. The
single cell SRF Nb cavities [1] fabricated at TINAF show high accelerating gradient approaching the

10



theoretical limit (50 MV/m) after a BCP process in combination with post ~120 °C bake. Intrinsic high
material property, RRR > 250, and cutting-edge surface preparations could sustain BCS surface
superconductivity close to the theoretical field limit, Hrr = 200 mT, and further reduce the surface
resistance. However, these TINAF cavities, even the recently fabricated EP’ed cavities with large grain
Nb ingot slices (RRR >200) [32], have high-field Q(H) slope at Hrr = 120-150 mT. Although several
mechanisms of surface superconductivity breakdown such as oxidization, flux trapping, and lossy Nbi.xHx
precipitation have been widely discussed, our DC transport study suggests that GBs could be another
contributor to performance degradation related to high field Q-slope. Our study suggests that GB
degradation most likely occurs at GBs that have a planar alignment within the top surface sheath of 50-
100 nm, that is very close to parallel to the external magnetic field can fully lie. Such sub-surface GB
plane segments would not be observable by optical examination of the cavity surface [18]. An extensive
study of texture behavior [35] on SRF-quality Nb materials indicates strong development of preferred
grain orientation based on cold work deformation, leading to enhancement of mechanical property.
However, variation of Nb grain boundary planes with respect to cold work deformation has not been
deeply explored yet.

In the same context of HTS YBCO GB properties [24, 33, 34], we believe that two factors are
responsible for the marked angular behavior shown in Figure. 6. One is the fact that when the external
field is applied to a tilted or meandered GB plane, vortex segments at GBs cannot move under the action
of the Lorentz force without pulling the generally stronger pinned vortex segments than in the grains or
cutting and reconnecting the neighboring flux line. Another contributing factor may be the increasing area
of GB for tilted or meandered GBs for transport currents by simple geometrical considerations.

From the DC transport characteristics, it is evident that the BCP treatment produced more
weakly-coupled GBs as compared to the EP. Electropolishing is now the preferred route for producing
reproducible high performance in SRF cavities [4, 31] for better surface topography and weaker grooving
at GBs. However, our study has shown no significant influence of grooving on the GB flux flow (see
Figure. 4 and Figure. 5). Thus, the chemistry and morphology of impurities segregated at the GBs
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induced by surface chemical treatments are likely the essential factors which contribute to the GB
degradation, leading to preferential GB flux flow. A recent surface susceptibility study [36] showed that
BCP can contaminate the GBs more than EP if cold work deformation of an intermediate strain level (g >
~4%) is applied. In this long-range strain, high density of dislocation networks piled up at GBs or isolated
dislocation cell structures or faceting may result in Cottrell atmosphere of segregated impurities during
chemical treatments, which in turn cause local weakening of superconductivity along GBs [37]. A cross-
section microstructural study by high resolution transmission electron microscopy (HR-TEM) [29]
showed that BCP preferentially oxidizes the GB region of a Nb bi-crystal from a large grain ingot slice
[38]. However, the thin TEM film of Nb bi-crystals studied in Ref. 29 had severe dislocation-decorated
GB structures just after initial thinning, so there might remain some amount of dislocation networks at
GB. In contrast, Trenikhina [39] did not observe any GB oxidation at a hot spot region cut out from a
thermometry-tested polycrystalline EP’ed cavity. Therefore the difference in crystallographic and texture
properties between large or fine grain Nb materials [40] may lead to different GB properties in both TEM
studies, although the mechanism by which different chemical treatments affect current transport through
GBs have not been well understood. Impurity segregation at grain boundaries in metallic materials with
solute atoms like C, N, O, H, can be dependent on GB misorientation angle between neighboring grains
[41]. One can assume that the preferential flux flow along GBs in the Nb cavities result from lattice
disturbance at GB with dislocations due to mechanical deformation and segregation of impurities during
surface chemical treatments. In addition, our observation that the inter-grain .J, caused by pinning of
vortices along GB depends on chemical treatments indicates that these treatments during the cavity
fabrication process introduce structure defects, size of the order of the coherence length, Exy =~ 50 nm.
Such defects could be oxides and hydrides precipitates at dislocation networks or dislocation cells near
grain boundaries.

The kinks on the V-J curves at J, <J < J. observed on the BCP’ed bi-crystals are indicative of
channel flux flow of vortex row along GBs [25, 37]. The width W of such channel and the number of

moving vortex rows Nrow can be evaluated from the following expression for the flux flow resistance Ry:
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R.(H)= 1
A (H) HxA (1)
v =T _w | B
a ()

0

Here H., is the upper critical field, A is the cross-sectional area, and a = ~ (®o/B)"? is the
intervortex spacing and @ is the flux quantum. Taking p, = 1.46 x 10”7 ohm*m and B, = 450 mT for the
BCP’ed bi-crystal at Hexy = 80 mT we obtained W = 0.185 pm and 0.5 um corresponding to Nyow = 1.15
and 3 for the low and high V portion of the V-I curve, respectively. This rough estimate indicates that the
initial GB flux flow first arises at J = J,, from depinning of a single row of vortices, which then transitions
to multiple rows at higher voltages at which GB vortices starts dragging neighboring rows of intra-grain
vortices. These effects have been studied extensively for GBs in HTS cuprates, particularly YBCO bi-
crystals [12, 25]. In fact, vortices moving along strongly-coupled GBs (which are of prime interest for the

SRF cavities) are mixed Abrikosov-Josephson vortices for which the flux flow resistance is given by [25]

RVB
R— NP
JB + B,
2
D 328
Bo=1m22 L= 4], )

where R is the excess GB resistance in the normal state, / is the length of the Josephson core along GB, J4
is the Ginzburg-Landau depairing current density in the grains, and Jy is the Josephson current density of
the GB. Fitting the observed field dependence R{B) with Equation (3) allows us, in principle, to extract R
and the intrinsic depairing density of Jy of GB and thus to attest the degree of superconducting coupling
across GB and its current transparency, as was done previously for YBCO bi-crystals [25]. However,
applying Equation (3) to GBs in Nb turned out to be not so easy, because, unlike YBCO bi-crystals, the
V-I characteristics of Nb bi-crystals shown in Figure 2-6 do not have well-defined linear portions which

would allow us to unambiguously extract RB) from the experiment data.
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The observed nonlinearity of V(I) in the flux flow region could result from inhomogeneity of
transport current and local induction along the grain boundary. One reason for that is that Nb is a
marginal type-II superconductor for which the flux flow region Hc¢; < H < Hc; is rather narrow,
particularly in comparison with the HTS cuprates. To widen the flux flow we diminished the
perpendicular H¢; by reducing the thickness of Nb bi-crystals using both mechanical thinning and the
BCP, which can also result in inhomogeneity of the thickness t on the micrometer scale. Our bi-crystals
had the final thickness = 50 um and an aspect ratio = 7-10 (see Table 1), resulting in a much lower B.; =
10-20 mT than the bulk B = 160-180 mT for Nb at 0 K. However, in the low field region, B < B,
distribution of the local magnetic induction across a thin film strip can be highly inhomogeneous [42]. To
estimate the penetration field for the BCP’ed bi-crystal (BC1), we used two different models depending
on the shape of the sample edges, with an aspect ratio (w/t) = 7.2, J. = 10* A/m* (from Figure 7), and B
=150 mT. For rounded edges, we may use an elliptical approximation of the cross section, which gives
the smallest penetration field:

Bl oimr 5)
w

B

pl

For a rectangular thin film strip, B, is enhanced by the geometric barrier [42];

t
B, =B, ,|—=56mT (6)
w

Both Equation (5) and (6) gives B, comparable to the field range in which our transport
measurements were performed, so the transport current density flowing across the GB was likely non-
uniform. Thus, the conditions under which analysis based on Equation (3) is applicable are not satisfied
for our BCP’ed bi-crystals. Satisfying these conditions would require much thinner film (t << 10 pm)
with a large high aspect ratio w/t > 80. The low energy coaxial energetic deposition technique has been
used to successfully fabricate Nb thin films with bulk-like properties on a MgO substrate [43]. Such Nb
films would be good candidate for the measurements of the depairing current density at the GB, Jy, using

Equation (3) and (4) in order to determine the ultimate current limit of polycrystalline Nb. Although we
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could not extract Jy in our experiments, our data show that the critical current due to depinning of vortices
along GB is smaller in BCP’ed bi-crystals than in EP’ed bi-crystals. This fact may be indicative of weaker
coupling across BCP’ed grain boundaries and smaller J, which would manifest in a larger Josephson core
size [ of GB vortices defined by Equation (4). In turn, larger core size of GB vortices implies their weaker
pinning [44], which results in smaller critical currents in BCP’ed bi-crystals.
5. Conclusion

Our magneto-transport measurements on Nb bi-crystals have shown clear evidence that the grain
boundary causes a flux flow channel for a few vortex rows moving though pinned vortices in the grains.
This effect of channel flux flow along GBs is most pronounced if the external magnetic field is aligned
close to the GB plane and diminishes as the field is tilted away from the GB plane. We also observed that
the preferential flux flow along GB is more pronounced for a BCP’ed bi-crystal than for an EP’ed bi-
crystal. These results are indicative of weaker superconducting coupling across grain boundaries in
BCP’ed bi-crystals which can be essential for the polycrystalline Nb resonator cavities. To obtain ideal
performance of SRF Nb cavity, detailed study of microstructural behavior of SRF Nb in conjunction with
cold work deformation and surface chemical treatments is highly recommended to minimize grain

boundary segregation and re-arrangement of grain boundary plane against surface normal.
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Figure. 1 (a) Overview of the large-grain (grain size > ~5-10 cm), high-purity (RRR > 250) niobium ingot
slice (2.5mm thickness), provided by TINAF (Thomas Jefferson National Accelerator Facility) for this
study. (b) The top and (c) bottom surface view of an I-shape (dog-bone) bi-crystal sample used for DC
transport measurement after ~50 pm layer removal with BCP. The GB groove indicated by blue dotted

arrows in (b) & (c) appeared after BCP. (d) Schematic diagram of the angular direction (6) between
applied magnetic field (H) and the plane of GB and the direction of the transport current (I) on the I-shape
sample. This bi-crystal sample was extracted from the regions indicated by the dotted blue rectangles in

(a). The disorientation angle of the GB plane to the surface is ~ 5° and the crystallographic misorientation

across the GB is ~ 26°.
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Table 1. Samples examined in transport V-I characterizations

Sample type . Aspect ratio (width
S*}gfle (misorientation Surface Treatments Surfa;:ai?lgzloglcal (w) to thickness (7)
angle**) ratio [um])
1 BCP (~ 40-50 min) &
SC1 Single crystal 274 BCP (~ 70 min, at ~ ~ 0.5-2.0 um roughness 5.4 (315.3/58.6)
20 °C)
. Artificially grooved
st ~ _
SC2 Single crystal | | BZE“PF(IB%r (fgvli‘rllm) & | (210-15 um depth) in the | 4.6 (557.5/121.1)
& & middle of the bridge
Bi-crvstal 18t BCP (~ 40-50 min) & Deep (~ 3-5 pm) and
BC1 (~ 2%’ ) 2" BCP (~ 70 min, at ~ highly-inclined GB 7.2 (331.9/46.3)
20 °C) groove
Bi-crvstal 18 BCP (~ 40-50 min) & Deep (~ 3-5 pm) and
BC2 (~ 2%’ ) 2" BCP (~ 70 min, at ~ highly-inclined GB 12.5 (603.93/50.12)
20 °C) groove
Bi-crystal EP Uniform surface and
BC3 (~26°) 12V, ~ 12 hrs) shallow (~ 0.3 to 0.5 pm) 7.0 (730.9/104.3)
GB groove
Bi-crystal 18 BCP (~ 10-20 min) & Flat surface
BC4 (~26°) 2" Mechanically polishing (<< 0.1um roughness) 16.0 (742.0/46.5)

* SC and BC stand for single and bi-crystal, respectively.

** The misorientation angle is the crystallographic misorientation angle between the two grains.

1The disorientation angle ~5° is the angle between the surface normal and the GB plane.

*** For comparison, the aspect ratio of the 7° [001] tilt thin film (LAGB: low angle grain boundary) HTS

YBa,Cu307.; bi-crystal used to develop the AJ flux flow model® is 96, much larger than the 5-16 possible

here.
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Figure. 2 V-J characteristics at 4.2 K of the BCP’ed single crystal (SC1) plotted in (a) linear and (c) log-

log scales compared to the BCP’ed bi-crystal (BC1) in (b) linear and (d) log-log scales when the external
magnetic field is applied normal to the surface plane. The number adjacent to each curve represents
external magnetic field (Tesla). Since the BCP’ed bi-crystal has ~5° of disorientation between the GB

plane and the surface normal, the external magnetic field is slightly tilted to lie very close to the grain
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boundary plane (6= 0). The horizontal red-dotted lines in (a) and (d) indicate the voltage criteria

(0.1uV/cm) used to define J(H) in the single and bi-crystals in Fig. 7.
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Figure 3. V-J characteristics of EP’ed bi-crystal (BC3) in (a) linear and (b) log-log scales at 4.2 K; the red
and blue arrows in (a) and (b) indicate possible excess GB resistance, suggesting a vortex flow transition

from GB to grains. The inset number gives the magnetic field in Tesla of each curve.
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Figure 4. V-J characteristics at 4.2 K of the artificially grooved BCP’ed single crystal (SC2) produced by
FIB (focused ion beam) in (a) linear and (b) log-log coordinates. The red and blue arrows indicate
possible linear flux flow or kinks due to excess resistivity at the groove. The inset number represents the

external magnetic field (Tesla).
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Figure 5. V-J characteristics of the mechanically smoothed bi-crystal (BC4) in (a) linear and (b) log-log

scale at 4.2 K. The quasi-linearities in (a) are very similar to those of the BCP’ed bi-crystal (BC1) shown

in Figure. 2b). The inset number represents external magnetic field (Tesla).
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Figure 6. Angular dependent V-J characteristics of (a) and (b) the BCP’ed bi-crystal (BC2) and (c) and (d)
the mechanically flattened bi-crystal (BC4) at 4.2 K with Hexe = 0.08 T, 0.15 T, & 0.23 T, respectively.
The numbers on the plots indicate the misalignment angle (&) between the GB plane and the vector of

applied magnetic field. The solid and outline numbers in (b) & (d) represent the misaligned angles at 0.15

T and 0.23 T, respectively.
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