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Abstract

®

CrossMark

The poor reproducibility of intergrain critical current density J,. in Fe-based superconductors is
often believed to result from uncontrolled grain boundary (GB) connectivity degraded by
extrinsic factors such as the local or global impurity concentration or GB porosity or cracks.
Earlier we found that Ba and K can appear as oxide impurities at GBs, along with GB-wetting
FeAs. In this study, we evaluated how the sample preparation environment and purity of the
starting materials influence the polycrystalline J. in K-doped BaFe,As, (Bal22) bulks. Using a
high-performance glovebox, the oxygen and water levels were significantly reduced,
eliminating traces of FeAs. Oxide impurities and Ba (or K) segregation associated with oxygen
in the starting materials were significantly reduced by using high purity starting materials. This
combination essentially doubled the best J.(4.2 K) values to 2.3 x 10’ at self-field and

1.6 x 10* A cm™?2 at 10 T and analytical scanning transmission electron microscopy showed no
GB or O segregation in the best samples, but did show dark Z-contrast and distinct nanoscale
porosity. Our work shows that an inert synthesis environment and high purity K and Ba do
reduce current-blocking oxygen impurity and GB impurity phases, allowing deeper exploration
of the role of extrinsic and intrinsic GB blocking effects in controlling the J.. of polycrystalline

Bal22.

Keywords: iron-based, Bulk superconductor, synthesis, superconducting properties

(Some figures may appear in colour only in the online journal)

1. Introduction

For high field applications, there are two vital supercon-
ducting requirements, a high critical current density (J.)
and a high upper critical field (H.). A high critical
temperature (7,) and low superconducting anisotropy are
also highly desirable. The strong demand to pursue high-
field magnets beyond the H,, limits of low temperature

1361-6668/20/084010+9$33.00

superconductors (LTS) drives extensive research and devel-
opment of high temperature superconductor cuprates includ-
ing BSCCO [Bi,;Sr,CaCu;04 (Bi-2212), Bi;Sr;Ca;CusOy
(Bi-2223)], and REBCO (REBa,;Cu;0x), because they pos-
sess high T, and H¢, [1-3]. One major technological chal-
lenge of HTS cuprates is their high anisotropy in conductor
form (REBCO and Bi-2223), while another is their high
conductor cost (REBCO, Bi-2223 and Bi-2212). Fe-based

© 2020 IOP Publishing Ltd  Printed in the UK
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superconductors (FBS), which are the newest members of the
high-field superconductor family, have the potential to be used
for high-field applications above 16 T due to their relatively
high critical temperature, low H,, anisotropy, and high H,
[4-9]. K-doped BaFe;As, (K-Bal22) possesses a T, of 38 K
at optimum stoichiometry Bag (K¢ 4Fe,As,, and H.; of ~90 T
[10-12]. Moreover, all of the elemental components in K-
Bal22 are earth-abundant compared to other HTS materials,
potentially contributing to a favorable cost benefit if high J,
K-Bal22 wires can be realized [10, 13-17].

Practical applications of high temperature superconduct-
ors usually demand long length wires in which the supercon-
ductor is polycrystalline. The exception is REBCO, which is a
quasi-single crystal in long-length coated conductor geometry
[18-21]. The key property that needs to be demonstrated for
K-Bal22 is high J, in polycrystalline, preferably untextured,
forms that would allow round wires [10]. So far, however,
single crystals of K-Bal22 have much higher J. than poly-
crystalline wires or tapes, suggesting degraded connectivity,
particularly at grain boundaries [10, 18, 22-24]. Improving
the connectivity between grains is key to making J,. of the Fe-
based superconductors competitive against present day LTS
and HTS conductors. There are two possible factors that can
degrade the intergrain connectivity. One is intrinsic associ-
ated with the basic physics of GB disorder arising from the
short coherence length, low carrier density, and local sup-
pression of the superconducting order parameter [22, 25]. The
second kind are extrinsic factors such as GB composition fluc-
tuations and segregation of impurities, such as oxygen, that
have also been reported to degrade J. [26, 27]. Systematic
bicrystal experiments that created artificial, straight [001] tilt
GBs in Co-doped Bal22 suggested that GBs with high misori-
entation angle act as intrinsic weak links, although perhaps less
strongly than in the HTS cuprates [25, 27]. However, previous
studies also suggested that the grain connectivity in FBS com-
pounds including Bal22 can be easily degraded by extrinsic
factors such as local or global impurity concentrations and
GB cracks and voids [11, 26, 28-30]. The unpredictable GB
connectivity caused by such extrinsic factors often results in
poor reproducibility of intergrain J. [24]. Indeed our early
analytical microscopy studies revealed that Ba and K, as well
as oxide impurities can all segregate to the GBs in the final
bulks. However, it was not clear whether the oxide impurities
in our K-Bal22 polycrystals came from the starting materials
or formed during the synthesis process.

In this study, we extensively investigated the synthesis
environment, especially the oxygen and moisture level inside
the glovebox and the purity of starting materials. By revisiting
and modifying our earlier synthesis route [11], we were able
to eliminate the GB segregation of Ba or K and/or their oxide
impurities and also prevent FeAs formation. We found that a
dry and oxygen-free environment is critical not only for main-
taining the quality of the starting materials but also for pre-
venting segregation of oxide impurities to the GBs during syn-
thesis. We found that high-purity K and Ba improve the homo-
geneity of K-Bal22 and significantly decrease oxide impurit-
ies, resulting in higher J, that we attribute to better intergrain
connectivity.

2. Experimental procedures

Polycrystalline Bag Ko 4Fe,As, bulks were synthesized from
elemental starting materials. We used elemental Ba and K
with two different purities: regular purity Ba of >99.2% and
high purity Ba of >99.9% purity. We used the highest pur-
ity, commercially available Fe and As (Fe >99.99% and As
>99.99999%) as received. We mixed the elements in the stoi-
chiometric ratio of Bag ¢K¢ 4Fe; As, with 10 mol. % additional
K (thus the nominal starting composition is Bag 6K 44Fe;Asy),
weighing them out and placing them into the milling jar in
one of the two Ar-filled gloveboxes. Excess K is expected to
compensate for the possible loss of K during the synthesis
so that we can complete the reaction to form K-doped Bal22
The mixtures, sealed in their milling jars were removed from
the glovebox, to then thoroughly mix and grind them in a
Fritsch P7 Premium planetary ball-mill for one hour. After
milling, the milling jar was returned to the glovebox, and the
powder loaded into a niobium (Nb) crucible, which was itself
loaded into a steel crucible that was then evacuated, and wel-
ded shut. The sealed steel crucible was compressed by cold
isostatic pressing (CIP) at 276 MPa and then heat treated by
hot isostatic pressing (HIP) at 9.7 MPa at varying temperatures
between 600 and 825 °C for 20 h. After this first heat treat-
ment, the sample was again thoroughly ground using the same
milling process, packed in Nb and stainless steel, evacuated
and welded shut, CIPped, and then heat treated by HIP for 10 h
at 193 MPa and 600 °C. All of the chemical handling proced-
ures were carried out exclusively inside one of the two argon-
filled gloveboxes. We used a high-performance glove box in
which the O, and H,O level were maintained at <0.005 ppm
and <0.06 ppm, respectively. For comparison, we also pre-
pared a sample in the regular glovebox used in all our earlier
syntheses in which the O, and H,O levels were as high as 100
ppm and 10 ppm, respectively. Table 1 lists the sample names,
the glovebox used, the K and Ba purity, the first heat treat-
ment (HT) temperature, and electromagnetic properties of the
samples. Note that the second heat treatment was identical for
all samples (10 h HIP at 193 MPa at 600 °C).

Room temperature powder x-ray diffraction (PXRD) was
performed on a Panalytical X pert Pro diffractometer equipped
with an X’Celerator detector with a CuK, radiation source
(A= 1.54187 A). The HighScore Plus [31] and FullProf [32]
software packages were used for global phase identification,
profile fitting, and unit cell refinement.

Magnetic property measurements were carried out on slab-
shaped samples cut and polished from the polycrystalline
bulks using a Quantum Design SQUID magnetometer MPMS
XL5. Zero field cooled temperature dependent magnetiza-
tion was measured from 5 to 50 K with a heating rate of
0.2 K min—! and 2 mT magnetic field applied parallel to the
long sample edge. The field-dependent magnetization (—2 to
14 T) was measured at 4.2 K using an Oxford Instruments 14 T
Vibrating Sample Magnetometer (VSM). The magnetization
J. was calculated based on the Bean model using the nom-
inal sample size around ~3.5 x 1.0 x 0.4 mm?, where dimen-
sions were defined by careful cutting and polishing of each
sample. For calculating J,, the supercurrent was assumed to
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Table 1. List of samples that were prepared with different gloveboxes, different purity of Ba and K, and different heat treatments, plus

electromagnetic properties of these samples. J. was measured at 4.2 K.

Sample Glovebox K purity Ba Purity 1st HT Temp. (°C) Te onser (K) JeoT (A cm™?) Je ot (A cm™?)
A-R Regular Regular Regular 600 35 8.52 x 10* 571 x 10°
A- HP High Performance Regular Regular 600 35 1.10 x 10° 6.92 x 10°
B High Performance  High Regular 600 31.8 1.02 x 10° 7.72 x 10°
C High Performance  High Regular 675 32.6 1.63 x 10° 1.30 x 10*
D High Performance High Regular 750 31.8 1.49 x 10° 9.94 x 10°
E High Performance High High 600 33.1 122 x 10° 1.08 x 10*
F High Performance  High High 675 345 1.45 x 10° 1.24 x 10*
G High Performance  High High 750 34.8 2.33 x 10° 1.61 x 10*
H High Performance High High 825 33.5 1.54 x 10* 1.15 x 10*

circulate over the whole sample, although we do recognize
as discussed later that current loops may exist on multiple,
smaller scales too [33, 34]. (Scanning) transmission electron
microscope (S/TEM) imaging and elemental analysis were
performed in a probe-corrected JEOL JEM-ARM?200cF with
an Oxford X-MaxN 100TLE SDD energy dispersive x-ray
spectroscopy (EDS) detector.

Table 1 tabulates the sample name, the type of glove box,
HT variables and the resulting T, ,n5s and J.. We note that
while the first heat treatment temperature varied from 600 °C
to 825 °C, all other heat treatment parameters (ramping rate,
temperature, pressure, and duration), including the second heat
treatment were the same.

3. Results

Figure 1 shows the PXRD patterns of the samples made in
the high-performance glovebox (Samples B to H in table 1).
Thanks to the 10 mol% excess K, all samples are quite phase-
pure with no noticeable trace of 2nd phase FeAs. Judged by the
PXRD patterns in figure 1, there is no distinguishable differ-
ence in phase purity among our samples, although they may
contain slightly different amounts of oxide impurity phases
that cannot be detected by PXRD.

Figure 2 compares the temperature-dependent 7, transition
curves. All samples show 3 ~ 6 K lower 7, ;5. than reported
for the 38 K of optimally doped K-Bal22 single crystals [9].
As shown in figure 2(a), the glovebox slightly affects the 7.
Samples A-R (prepared in the regular glovebox with regular
purity K and Ba) and A-HP (prepared in the high-performance
glovebox with regular purity K and Ba) have their 7, onset at
35 K. Higher K purity reduced 7, to 31.8 K when the high-
performance glove box was used (Sample B on figure 2(b)).
Figure 2(b) also shows that T, is not very sensitive to the
Ist HT temperature. When high purity Ba and high purity K
are used (samples F-H), T, is the same as for sample A-HP
as shown in figure 2(c). Samples F-H (1st HT temperature is
675°C, 750 °C, 825 °C, respectively) show a T, onset of about
34.3 K, although T, of Sample E (1st HT at 600 °C) is slightly
lower, ~33.5 K.

As shown in figure 3(a), sample A-R (prepared in the reg-
ular glovebox using regular purity elements) exhibits J. of
~9.0 x 10* A cm™? at self-field, decreasing rather quickly at
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Figure 1. Powder x-ray diffraction patterns of samples B-H with
nominal composition Bag Ko 44Fe;As; that had different first heat
treatment temperatures.

low fields and reaching ~6 x 10° A cm™2 at 10 T. Sample
A-HP, prepared in the high performance glovebox, exhibits a
slightly improved J. of ~1.0 x 10> A cm™? at self-field and
~7.0 x 10> A cm™—2 at 10 T; however, as seen in figure 3(a),
J. still decays quickly at low fields. As shown in figure 3(b),
J. increases with high purity K. J. at self-field increases to
~1.5 x 103 A cm~? for sample C and D after a Ist HT at
675 °C and 750 °C, respectively. As shown in figure 3(c), the
highest J, was obtained when both high purity K and Ba were
used. Sample G, processed at 750 °C during the 1st HT, shows
aJ,of ~2.3 x 10° Acm~2 (SF) and ~1.6 x 10* A cm~?2 at
10 T. It is important to note that the field dependence of J.. at
low-field is less pronounced with higher purity K and Ba, as
shown in samples B-D and E-H (figures 3(b) and (c)).

The 4.2 K field dependent pinning force Fp(H) is shown in
figure 4. Both samples A-R and A-HP (figure 4(a)) show an
unusual kink at around 1 T followed by an almost linear rise
from 2 to 10 T. Smoother Fp(H) plots and higher values of
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Figure 2. Normalized zero-field cooling temperature dependent magnetization heated from 5 K in an applied field of 2 mT on samples
synthesized with (a) regular or high performance glovebox with regular Ba and K (samples A-R and A-HP), (b) high performance glovebox
with regular Ba and high purity K (samples B—D), and (c) high performance glovebox with high purity Ba, K (samples E—G).
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Figure 3. J.(H) plots for Bag Ko 4Fe2As, with regular high purity Ba prepared in the regular or the high-performance glovebox.
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Figure 4. Field dependent flux pinning force plots for Bag Ko 44Fe2As, (nominal) with regular Ba or high purity Ba prepared in regular or

high performance glovebox.

Fp(H) were seen for samples made with higher purity K, the
highest values being for samples made with both high purity
K and Ba, as is seen in figure 4(c) (sample E, F, G, and H).
Sample G, processed at 750 °C during the 1st HT, shows an
Fp, maximum of ~1.6 GN m—3, almost three times larger than
Sample A-R made with regular purity elements in the regular
glove box.

S/TEM imaging was performed on samples A-R, A-HP,
D, and G. Figure 5(a) shows a representative microstructure

of sample A-R made with regular purity elements in the reg-
ular glovebox, which is also representative of the grain size
and the 2nd phase impurities before we decreased the oxy-
gen and water content in the glovebox. The average grain
size is ~50 nm and there are a significant number of large
FeAs grains and an amorphous Ba-O phase that preferentially
appears at the grain boundaries. In sample A-HP (high per-
formance glovebox with regular Ba and K), K-Bal22 grains
appear better connected compared to sample A-R, judged by
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Average grain size: 49 * 12 nm

Average grain size: 60 £ 17 nm
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Grain size: 24 *2 nm (small) Grain size:

192 = 60 nm (large)

37 29 nm (small)
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Figure 5. Representative grain structures in (a) and (b) sample A-R; (c) and (d) sample A-HP; (e) and (f) sample D; and (g) and (h) sample
G. The bright field TEM images show diffraction contrast within each Bag ¢Ko4Fe,As, grain and FeAs phase. The high angle annular dark
field STEM image of g shows the FeAs and K-rich grain boundaries in sample A-HP.

the absence of amorphous GB Ba-O trace (figure 5(b)) and
the average grain size is ~10 nm larger than A-R. However,
there are still FeAs-rich areas and K segregation observed at
the grain boundaries (figure 5(d)), and also intergrain con-
nectivity is not sufficiently good. By increasing the purity of
K and Ba (sample D: figures 5(e) and (f); sample G: figures
5(g) and (h)), GB K segregation is significantly suppressed as
well as FeAs and Ba-O. The average grain size also decreased
in sample D (high purity K + regular Ba) and G (high purity
K + Ba). Interestingly both D and G showed a bimodal grain
size distribution, although the large grain regions were rather
minor (~5% of the volume fraction) in both samples. The aver-
age grain size in the fine grain regions in samples D and G is
~24 nm and ~37 nm, respectively (figures 5(e) and (g)). In the
large grain regions, the grain size is approximately 190 nm in
sample D and ~220 nm in sample G. The large grains in sample
G shows a plate-like rather than the equiaxed shape that is seen
in sample D.

The high angle annular dark field scanning electron micro-
scopy (HAADF-STEM) image in figure 6(a), shows a dark Z-
contrast at many GBs in sample G, indicating a low atomic
density. This indicates either local GB porosity or light ele-
ment segregation and/or oxide impurities at the GB, in either
case suggesting compromised superconducting connectivity.
However, the EDS line scan across the GB (figure 6(b))
does not show any increase of oxygen or noticeable variation
in composition, suggesting that this dark GB Z-contrast is
primarily caused by nanoscale cracks or porosity along the
GBs.

EDS analysis of individual grains in samples D and G
was performed. We calculated the chemical composition
of our samples by normalizing to the sum of Ba and K

concentration. The average composition of sample D is
Bag ssKoaoFej 00Asy os regardless of grain size. The average
compositions of small and large grains are slightly differ-
ent in sample G, Bag Ko 3sFes 11Asy g6 in large grains and
Bag s9Ko.41Fe; gsAs; 70 in small grains with an overall compos-
ition of Bag ¢; Ko 39FesAs; 36 which is slightly As-rich. We do
not fully understand the slight excess of As in the small grains.
Since the TEM sample thickness is larger than the average
small grain size in this sample, the EDS analysis possibly cap-
tures some minor compositional variation at the grain bound-
aries and/or amorphous layer at the TEM specimen surface.

4. Discussion

4.1. Synthesis conditions and their outcomes

Our results show that high purity K and Ba and a very clean
glove box do improve the reaction completeness of K-Bal22
as judged by the lack of FeAs in fully reacted samples D and
G. We reason that small traces of O, or H,O tie up K and/or
Ba as K-O and/or Ba-O impurities, making the reaction to
form K-Bal22 incomplete and leaving undesired FeAs, often
found as a GB phase, in the final product (sample A-R). We
also consider the possibility that the K and/or Ba composi-
tions will be under-estimated if impure, surface-contaminated
Ba or K starting material is used. In addition, regular purity Ba
and K are normally immersed in mineral oil, which must be
carefully removed, and their surfaces scraped to remove sur-
face oxides. Consistent with this reasoning, the microscopy
in figure 5 shows that samples made with regular purity Ba
and K have residual FeAs (samples A-R and A-HP). By con-
trast, the high purity elements come in sealed ampoules under
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Figure 6. (a) High angle annular dark field scanning TEM image of representative GB in sample G. (b) EDS line scan across the grain

boundary. The EDS scan was performed along the yellow line in (a).

argon, suggesting that there is no increase in O, and H,O
levels in the high-performance glovebox when the ampoule
is opened, allowing immediate use without any further
cleaning.

The significant reduction of O, and H,O levels inside
the high-performance glovebox (O,: <0.005 ppm; H,O:
<0.06 ppm) reduces contamination of the air- and moisture-
sensitive Ba and K and lessens the formation of oxide impurit-
ies in the final samples. Contaminants are also reduced because
the milling jar is filled in the high-performance glovebox atmo-
sphere. The gas-tight seals on the milling jar prevent any air
entry during the milling step outside the glovebox.

4.2. Critical current density properties

By combining the high performance glovebox and high purity
K and Ba, the J.. in the low field regime significantly improves,
compared to regular purity samples A-R and A-HP (figure 3).
The less rapid low-field J. decay in high-purity samples B to H
indicates that the intergrain connectivity is enhanced. The 10%
excess of high purity K in the higher purity samples allows
the reaction to go to completion, significantly suppressing the
formation of FeAs and oxide impurities that we estimate were
the central cause of the poorer intergrain connectivity in the
samples of Weiss er al [11, 25]. Between the 600 °C samples,

the difference in self-field J. between A-R and A-HP is about
30% and the difference between B and E is about 20%; glob-
ally from A-R to E the self-field J, increase is about 43%,
so the increase is not negligible (see table 1). Moreover the
in-field enhancement has to be considered as well: at 10 T,
from A-R to A-HP the J. enhancement is +21%, from A-HP
to B is +11%, from B to E is +40% and, globally, from A-R
to E is +89%. Those results clearly indicate the progressive
improvement generated by the cleaner processing: although
the high-performance glove box has a positive effect, using
clear raw materials further improves the properties. It is inter-
esting to note that the increase of J,. at 10 T is twice as large as
at self-field. This suggests that improving the grain boundary
cleanness does not simply improve the connectivity, but also
enhances the pinning efficiency.

In the case of the 1st HT at 750 °C, by using high purity Ba
and high purity K (sample G), J. further improved by 56% at
self-field and 62% at 10 T compared to samples with regular
Ba and high purity K (sample D). Figure 7 shows J.. of samples
with different purities of Ba and K as a function of the 1st
HT temperature, emphasizing that the highest J, was indeed
achieved for 750 °C 1st HT temperature for sample G with
high purity Ba and K. It appears that temperatures >600 °C
for the 1st HT are not as detrimental as was initially found by
Weiss et al [30].
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Figure 7. Effect of high purity starting materials on critical current
density measured at 4.2 K. Solid points are measured at 1 T, and
hallow points are measured at 10 T.

The differences between samples of varying purity and 1st
HT temperature becomes more apparent in the linear Fp(H)
plots than in the logarithmic J.(H) plots. The initial steep lin-
earrise in I, observed in samples A-R and A-HP in figure 4(a)
is unusual, as is an inflection at such a low field (<1 T). Indeed,
this inflection is seen in figure 8 up to at least 20 K in sample
A-HP, even as the higher field behaviour shows much more
sensitivity to field and temperature. This type of anomalies is
not common in bulk samples but can be seen in films with
artificially introduced pinning centres as for instance reported
in ref. 35 and 36 work done by Tarantini ez. al. and Opher-
den et. al., respectively [35, 36]. In the case of samples A-R
and A-HP, we believe that this F, anomaly may be determ-
ined by a matching between the fine grains whose GBs contain
FeAs or BaO and the vortex spacing. In fact the average 60 nm
grain size of sample A-HP corresponds to a matching field of
~0.6 T, compatible with the inflection position observed in fig-
ure 8. The implication of such matching is that the impurity in
the GB (figures 5(c) and (d)) is enhancing the vortex pinning,
enforcing strong GB vortex pinning at all temperatures. Sadly,
these phases also reduce the connectivity, thus lowering the
measured J, defined by using the whole cross-section as the
area normalization. In the high purity samples (e.g. D and G)
with higher J., there is no F), inflection anomaly, consistent
with their higher J,. being due to better intergrain connectiv-
ity, even if there are still poorly connected GBs as shown by
figure 6.

4.3. Superconducting transition temperature properties

A striking result is that none, not even the high purity samples,
achieved the expected 38 K T of single crystals, even though
the transitions in figure 2 are all sharp, even for the least pure
A-R sample. The T, in fact does not show systematic depend-
ence on starting-element purity or glovebox. Indeed, the high
performance glovebox samples often (but not always) had T,

0.8

A-HP (High Performance Glovebox)
Regular Ba + Regular K

16K

20K
26K

0o 2 4 6 8 10 12
Field [T]

Figure 8. Field dependence of the pinning force of sample A-HP at
different temperatures.

0.7-2.5 K lower compared to samples prepared in the reg-
ular glovebox. One possibility is that their very small grain
size (~20-40 nm) induces sufficient lattice strain to signific-
antly distort the Fe-As bond angles, thus degrading 7. [37, 38].
Indeed, by our TEM analysis, we found the overall grain sizes
(A-R, A-HP, D, G) are much smaller than those observed by
other groups [15, 39]. The ultra-fine grain size may have its ori-
gin in the high-energy ball milling step prior to the second HT.
We believe that it amorphizes the crystalline K-Bal22 phase
formed in the first HT [40, 41]. Samples D (regular purity Ba
and high purity K) and sample G (high purity Ba and K) were
both given a 2nd HT at 750 °C and both showed a bimodal
grain size, sample G having the highest 7, of 34.8 K. How-
ever, sample D had nearly the lowest T, of 31.8 K, making it
clear that multiple variables are simultaneously in play.

Nevertheless the grain size of all samples measured in our
study are about one order of magnitude smaller than the Lon-
don penetration depth A of optimally doped Bal22, which is
~200-250 nm [42]. If all GBs in such small grain samples are
weakly linked, the magnetic flux would preferentially penet-
rate every GB, making the T transition very broad. However,
as shown in figure 2, all T transitions are quite sharp des-
pite the very small grains, indicating that on average the con-
nectivity at the majority of GBs is not compromised and super-
conducting shielding over a significant portion of the sample
can be established. We also need to keep in mind that small
contaminations at GBs embedded within the samples cannot
be detected by low-field ZFC measurements, whereas they
can effectively reduce the cross-section when the current is
induced through the entire sample during hysteresis loop char-
acterizations.

4.4. Length scales of current flow in the polycrystals

Judging from figures 3 and 4, the combination of high per-
formance glovebox and pure Ba and K does improve the
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intergrain J. evaluated by considering that current flows
over the whole sample. This does demonstrate the benefit
of our high purity synthesis protocol. However, according to
Ishida et al, the J.(4.2 K) of 41% K-doped Bal22 crystals is
~1.0 x 10° A cm™? and ~1.4 x 10° A cm™? at self-field and
6 T, respectively [43], about 5 times that of our best J.. This
large J. difference makes it logical to think that there are still
many obstacles to current flow, especially at GBs. One resid-
ual obstacle is the porosity evident in figure 6. There remain
still both extrinsic and intrinsic reasons for GBs to obstruct
current flow. The sharp T, transitions do suggest that the aver-
age GB is NOT a weak link, because smearing of the transition
occurs on length scales of order 10A (where A is the London
penetration depth), that is on a scale of order 2.5 pm, some
thousand times the grain size. The sharp transitions mean that
the shielding currents induced in the ZFC SQUID measure-
ments (figure 2) must be at least on this scale. We conclude
that the sharp transitions imply that, even if local GB contam-
inations affect the percolative connectivity of large ensembles
of grains, domains of well-connected 2040 nm grains form
that are much larger than A (=200-250 nm) with a strongly
linked percolative current path within the domains. The over-
all low J, compared to single crystals means that the overall
connectivity of this complex network is still far from 100%.

The major unknown issue is still the degree to which the
[001] tilt bicrystal experiments [22] explain that low J, is now
a problem intrinsic to weak-linking of high-angle GBs. Our
experiments do now place some constraints on the value of
high-pressure, high-purity synthesis. It is clear that we were
able to raise J, by effectively reducing the FeAs wetting phase,
elemental segregation at the GBs, and macroscopic cracks and
porosity. However, as figure 6 shows, the thin, dark Z-contrast
at the GB indicates nanoscale cracks or porosity which still
reduce the effective cross-section for supercurrent flow. We
need to refine our synthesis to eliminate such low density GBs
before we can conclude that we are at the intrinsic connectivity
limit of intergranular transport.

5. Conclusions

We developed an effective synthesis route for making K-
Bal22 bulks with minimal amounts of current-blocking
impurities at the GBs by using a high-performance glove box
and high purity Ba and K. Our systematic study of synthesis
routes strongly suggests that high purity Ba and K and the
first HT temperature are crucial to enhance the supercon-
ducting connectivity in the K-Bal22 polycrystals. This clean
synthesis method significantly suppressed current-blocking
FeAs and oxide GB by-products. The highest J. (4.2 K) was
2.3 x 10° A cm™? at self-field and 1.6 x 10* A cm~?2 at
10 T, respectively. However, our best J. is still only ~20%
of single crystal J., strongly suggesting degraded polycrys-
talline connectivity remains at GB obstacles. TEM nanostruc-
tural analysis revealed that the poor intergrain connectivity in
our samples is no longer caused by GB impurity segregation,
but may be due to nanoscale GB porosity. Further optimiza-
tion of grain size and densification needs to be done to evaluate

residual intrinsic blocking effects of high angle GBs and assess
how much further scope there is for processing improvements
like this reported here to further improve the intergrain J,. of
K-Bal22.
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