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Abstract—TIt is still largely elusive whether K-doped BaFe;As-
(K-Bal22) is granular due to the intrinsic blocking effects at the
grain boundaries (GBs). We investigated the remnant magnetiza-
tion characteristics of a K-Bal22 polycrystalline bulk. Remnant
magnetization is effective to evaluate the contribution of magnetiza-
tion from multi-scale current loops particularly if electromagnetic
granularity is present due to weakly coupled GBs. The derivative of
remnant magnetization of the K-Ba122 sample showed only a single
peak, which was markedly dependent on the specimen size and
shifted toward lower field as the specimen size decreases, strongly
indicating that the current loop is intergrain. However, the high
angle annular dark field scanning transmission electron micro-
scope (HAADF-STEM) analysis revealed that this sample still has
nano-cracks at GBs, degrading the continuous network of strong
intergrain connectivity. Such extrinsically degraded network of
intergrain connectivity can also be seen as a size-dependence of
remnant magnetization /., which indicated the presence of strongly
localized regions with much higher J,. than the bulk J.. Our
study suggested that the extrinsic GB nano-cracks are still the
major cause of connectivity degradation, and the intrinsic current
suppression might not be practically detectable at clean, fully
connected GBs.

Index Terms—Critical current density, Fe-based super-
conductors, intergrain connectivity, K-doped Bal22, remnant
magnetization.

1. INTRODUCTION

N order to transform the Fe-based superconductor (FBS) K-
doped BaFe;Aso (K-Bal22) into a truly magnet-ready high
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field conductor, there are several scientific and technological
hurdles to overcome. As the most versatile form of supercon-
ductors is along-length wire in which the materials are inevitably
polycrystalline, J,. across the grain boundary (GB) network, the
so-called intergrain J., must be raised to the practical level
(J.(42 K, 10 T) > 10° A/mm? in kilometer length wires).
To this date, the critical current density J. of polycrystalline
or uniaxially textured K-Bal22 is still noticeably below the
intrinsic intragrain properties even considering the very recent
progress of J. in the tape forms [1], [2], [3], [4], [5], [6], [7],
[8], [9]. The important question for evaluating the potential of
K-Bal22 is whether the GBs intrinsically block the current or
are extrinsically degraded due to microstructural defects. Recent
studies suggested that the intergrain connectivity of K-Bal22 is
highly vulnerable to extrinsic microstructural factors such as
local or global impurity segregations and GB cracks [10], [11],
as well as oxygen contamination which easily degrades GB
connectivity [11], [12]. Our previous comparison of the grain
and GB nanostructures in two K-Bal22 tapes with similar J,
also revealed that the macroscopic tape J. is actually derived
from the complex combination of the quality of GB connec-
tivity and the number of strongly connected GB networks. The
former was strengthened by the grain alignment and the latter
was enhanced by the clean GB nanostructure without FeAs or
BaO blockage [10]. Thus, it is still largely unknown whether
the J. of polycrystalline K-Bal22 is limited by the intrinsic
GB characteristics.

A previous study by Yamamoto et al. showed that remnant
magnetization is very effective to distinguish the contribu-
tion to magnetization J. from the intergrain connectivity and
the individual grains, especially when the sample is highly
electromagnetically-granular due to the intrinsic GB blockage
[13], for instance due to local suppression of the superfluid
density, reduced transparence caused by short coherence length,
or high anisotropy. Here we utilized the remnant magnetization
characterization to investigate the extrinsic and intrinsic con-
nectivity in a K-Bal22 bulk whose J. is equivalent to the best
we reported [6]. The derivative of remnant magnetization and
analysis of remnant magnetization J,. strongly suggested that the
magnetization J . of this K-Bal22 is derived only from intergrain
connectivity, and no feature can be associated to an intragrain
contribution. Our results revealed that there are strongly con-
nected current paths but sub-divided by GB nano-cracks into
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multi-scale domains whose size is much smaller than the entire
bulk.

II. EXPERIMENTAL

A polycrystalline K-Bal22 bulk was synthesized from el-
emental starting materials with the nominal composition of
(Bag.Kg.4)FeaAsy. The elemental materials were mixed in a
Fritsch P7 Premium planetary high energy ball miller with the
milling energy density Egy; of 100 MJ/kg. The milled powder
was heat treated at 750 °C for 10 hours, then milled again,
followed by the 2nd heat treatment at 600 °C for 10 hours in an
AIP Hot Isostatic Press (HIP). The details of synthesis procedure
can be found in [6] with the only difference that here the first heat
treatment was performed at ambient pressure. The definition of
Epn can be found in [14], [15]. Magnetization J. was measured
by field-dependent magnetization hysteresis loops in a Quantum
Design 16T-PPMS Vibrating Sample Magnetometer (VSM) on
a sample with a cross-section of 1 x 2.65 mm? and a thickness of
1 mm parallel to the field. We used the SI-units Bean formula J,.
= 2AM/(w x (1-w/(31))). Other magnetization measurements
were performed in a Quantum Design SQUID Magnetometer
MPMS XL5. Remnant magnetization was measured in bulk
form first with the field parallel to the longest edge (sample
sizes 2.39 x 1.58 x 1.50 mm?®). Then the bulk was crushed
into smaller pieces and then ground into powders performing
remnant magnetization measurements in all cases. Nanostruc-
tural observations were carried out using a JEOL ARM?200cF
scanning transmission electron microscope (S/TEM).

III. RESULTS

The temperature dependence of magnetization at 2 mT in the
zero-field-cooled (ZFC) state of the K-Bal22 bulk is shown in
Fig. 1(a). Magnetic onset, T, is 34.6 K, approximately 3 K
lower than the optimally doped single crystal [2] that is typical
for the high J. K-Bal22 bulks [6], [7]. The superconducting
transition is quite sharp, implying good homogeneity and the
bulk-scale shielding current in the sample. Fig. 1(b) represents
magnetization J. at 4.2 K as a function of applied field that is
actually one of the highest among the reported K-Bal22 bulk
samples. J . is ~2.2 x 10° A/cm? at self-field, slowly decaying to
~7.9 x 10* Alem?, ~2.2 x 10* A/lcm? and then 1.7 x 10* A/cm?
at 1 T, 5 T and 10 T, respectively.

Fig. 2(a) shows the remnant magnetization, mg, as a function
of increasing maximum field for the K-Bal22 bulk, crushed
pieces and ground powder. For the bulk specimen, mp starts
to rise at ~30 mT, sharply increasing and then saturating at
~1-2 T. Unlike the other FBS bulks such as SmFeAsOg g5 [13],
a “shoulder” is not observed in mp. As seen in Fig. 2(a), the
crushed pieces and ground powder showed a similar mp trend,
although the mp starts rising at a lower field (~13 mT and
~4 mT, respectively) due to the smaller specimen size (because
the field of first penetration should be proportional to Hj, ~
J ¢ global X sample size [13]). Indeed, only a single peak appears
in the derivative of mp in Fig. 2(b) regardless of the specimen
size. As the specimen size decreases from the bulk, crushed
pieces to powder, the peak of the mp derivative shifted toward
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Fig. 1. (a) Temperature dependence of magnetization under zero-field-cooling
(ZFC) at 2 mT. (b) Magnetization J . (H) plot at 4.2 K; in the inset the hysteresis
loop is shown.

lower field, but it never separates into multiple peaks. This size
dependence of the mp derivative suggests that the magnetization
current loop is also size-dependent thus the magnetization J.. is
determined solely by the intergrain connectivity.

The intergrain J. was calculated from the peak positions in
the mg derivative with the typical formula J. g1oba1 = 2Hpeak/w
(in crashed and powdered sample w was an average of the
piece/particle sizes) [ 13] and plotted as a function of temperature
(Fig. 3) and it is size-dependent. If the GB connectivity was
uniform (no matter how good or bad the average connectivity
is), J. obtained by mpg should be independent of the sample
size (i.e., bulk, crushed pieces, and powder). However, this
K-Bal22 sample shows different J. values for different sizes. J .
appears to increase going from the bulk to the crushed pieces,
then to the powder specimen. The remnant magnetization J, of
the ground powder appears more than 2.5 times than that of
the bulk specimen, although those powders originate from the
same bulk sample. This apparent contradiction indicates that
the bulk sample is already segmented into domains smaller than
the whole sample and those domains have a higher J. than that
estimated at the macroscopic scale.

Fig. 4 is a TEM image of grain structure in the K-Bal22
sample. The grains are mostly equiaxed and randomly oriented.
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Fig. 2. (a) Remnant magnetization (mg ) as a function of the maximum field
applied at 5 K for the bulk, crushed pieces and ground powder specimen.
(b) Derivatives of mp at 5 K.

The average grain size is estimated in 105 £+ 17 nm. It is
important to note that the average size of the ground powder
particles is 91 4 58 um, as seen in the SEM micrograph inset
in Fig. 4, which is far larger than the average grain size. This
confirms that the higher J,. of the ground powder in Fig. 3 is still
intergrain J,, not J. of a single grain, implying that the high-J,
loop is on the scale of large multigrain domains with strong GB
connectivity.

HAADF-STEM imaging revealed the highly probable root
cause of such segmentation of high-J. loop. The Z-contrast
image of Fig. 5(a) showed dark contrast traces on portions of
GBs. As the brightness of Z-contrast is proportional to the local
atomic density, such dark traces of GBs indicate either local
compositional or atomic density variation. As shown in Fig. 5(b),
the energy dispersive spectroscopy (EDS) line scan across the
two dark Z-contrast GBs in Fig. 5(a) showed almost no variation
of As, Fe, K, or Ba, indicating that the dark traces of GBs are
caused by local lower density, so-called nano-cracks. Indeed,
we also found extensive distribution of GB nano-cracks even in
the highest J. bulk sample in our previous study on K-Bal22
synthesis [6].

IV. DISCUSSION

In the case of fully granular superconductor bulks such as
SmFeAsQq g5 (the other so-called 1111 FBS material), the
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Fig. 3. Size dependence of the intergrain J. as a function of temperature
derived from the peak position of the remnant magnetization, strongly indicating
that the strongly connected high J. regions are highly localized.

Fig. 4. TEM micrograph showing the grain structure in the K-Bal22 bulk
sample. The grains are randomly oriented, and the average grain size is ~100 nm.
(Inset) SEM image showing the ground powder specimen from the same bulk.
The average powder particle size is ~90 pm.

grains were very weakly coupled, resulting in a clear separation
of intragrain and intergrain contributions to remnant magneti-
zation, for which the two peaks appear in the mg derivatives
as demonstrated by Yamamoto et al. [13]. For such a case,
the intergrain contribution of weak GB connectivity causes
the low-field peak to be suppressed and shifted to lower field
as the sample size decreases. On the contrary the intragrain
contribution appears as the high-field peak remaining at the
same field because the intragrain current loop is unaffected by
changing the specimen macroscopic size. Thus, the analysis of
remnant magnetization can provide information about the degree
of superconducting granularity and whether the GB connectivity
is intrinsically weak or not.

Differently, in our K-Bal22 bulk sample, the mg derivative
showed only a single peak whose position shifts to lower field as
the specimen size decreases, strongly indicating that the current
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(a) HAADF-STEM image showing the GB nanostructure. The dark contrast traces indicate the low-density region at the GBs. (b) EDS line scans from

point A to point B in (a) showing no compositional variation of As, Fe, K and Ba across the GBs. The red arrows show the locations of GBs.

loop is size-dependent, thus remnant magnetization is derived
only by the intergrain current. Correlations of a single peak
to the intergrain contribution was also found in [16]. There
are two possible reasons for why the intragrain component is
invisible. One is that the GBs are strongly coupled and not
intrinsically blocking current. The other is that the grains are
so small that the magnetization of single grains is undetectable
[17]. The London penetration depth of K-Bal22 is reported to
be approximately 200 nm [18], which is larger than the average
grain size of this sample. It appears possible that the external
field penetrates through the GBs and inside the grains almost
simultaneously so that the intragrain and intergrain contribution
to magnetization cannot be separated. However, our remnant
magnetization measurements did not show evidence of intrin-
sic GB blockage. Although some current limiting effects were
observed in [001]-tilt bicrystal films [19], this is not necessarily
relevant to bulk samples in which GBs are largely meandering
and have a much more complex geometrical nature, compared
with the almost ideal straight GB on bicrystal films. In fact, even
in films of the higher anisotropic YBCO, meandering GBs are
not particularly detrimental to J. [20], and also in FBS even
straight GBs do not suffer from current limiting effect when the
field is not parallel to the GB, so preventing vortex channeling
[21]. Our results of the bulk samples suggest that the grains
are mostly strongly coupled when they are physically strongly
connected.

However, the remnant magnetization J, analysis also sug-
gested that the GB connectivity is still highly variable in the
K-Bal22 sample. As briefly stated earlier, the remnant magne-
tization J. should be size-independent if the GB connectivity is
uniform on the scale of the entire bulk. As shown in Fig. 3, strong
size-dependence appears in the remnant magnetization J ., which
increases 2.5 times in the ground powder. This J. increment
indicates that the size of strongly connected high-J. regions is
smaller from the beginning than the size of the bulk, and that the
macroscopic bulk J.. is determined by complex combinations of
multiple scales of current loop including such high-J. regions
and the J . between those regions. Unlike old bulk samples whose
GBs were highly degraded by the impurity phases of FeAs and
BaO, this bulk did not show such a compositional degradation

at GBs (Fig. 5(b)). However, HAADF-STEM revealed nano-
cracks at the GBs (Fig. 5) whose networks disconnect a fraction
of GBs and presumably locally decouple the high-J. regions or
produce an effective reduction of the current cross-section. This
study of remnant magnetization and GB nanostructure indicates
that the macroscopic bulk J. can be largely increased if the high-
J. region can be formed continuously at the macroscopic scale.

V. CONCLUSION

Remnant magnetization analysis was performed in order to
investigate the intragrain and intergrain contribution to magne-
tization J, of the K-Bal22 polycrystalline bulk. Strikingly, the
K-Bal22 bulk sample does not show clear intragrain/intergrain
peak separation in the derivative of mpg. In fact, the peak of the
mp derivative shifts to lower field as the specimen size decreases
from bulk, to crushed pieces then to powder, strongly indicating
that the remnant magnetization is predominantly determined by
the intergrain contribution. This implies that K-Bal22 has no
visible electromagnetic granularity at the GBs. However, the
apparent size-dependence of remnant magnetization J, sug-
gested that the magnetization J. is determined by complex
combinations of multi-scale current loops as a result of the GB
nano-cracks locally decoupling the high-J. regions.
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