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ABSTRACT

Iron-based superconductors have attractive properties for high-field applications, but there is a lack of un-
derstanding of the effect of grain boundary chemistry on the in-field performance. The near atomic-scale
resolution, ppm sensitivity and 3D analysis offered by atom probe tomography make it a powerful tool
to investigate the nanoscale structure and chemistry of these defects in fine-grained K-doped BaFe,As,
samples. A computational method to systematically extract and compare the Gibbsian interfacial excess of
chemical species across grain boundaries has been explored in this work. The robustness of the method
has been tested by evaluating the effects of selected variables on simulated APT datasets. The accuracy
and precision of the calculated Gibbsian interfacial excess were found to be stable over a range of analy-
sis conditions: varying grain boundary widths and detection efficiencies, spatial precisions below 1.5 nm,
and bin widths between 1.2 and 1.6 nm. For the K-doped BaFe;As, samples studied, segregation of As, Ba,
K and impurities of O, Na, and Sb were found at grain boundaries. The Gibbsian excess values were found
to vary widely between different boundaries, showing the complexity of the grain boundary chemistry in
this material. Possible links between the observed critical current density (J.) of these samples and their

nano- and micro-structure have also been investigated and discussed.
© 2026 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Since their discovery in 1911 [1], superconductors have led to
numerous technological innovations, including Magnetic Resonance
Imaging (MRI), magnets for particle accelerators, nuclear fusion re-
actors, and single photon detectors. Many of these applications rely
on the large electrical current densities that can be passed through
these materials without any resistance, but there is a limit to the
key parameter, the critical current density (J.), which is determined
not only by the intrinsic properties of the superconductor but also
by its microstructure. Maximising J. by microstructural engineer-
ing has become a key focus for the development of materials for
higher magnetic field applications, such as nuclear fusion, where
the superconductor in reactor magnets is expected to operate at
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fields well above 10 T and carrying current densities over 10° A
cm—2 [2].

The family of iron-based superconductors (IBSCs) emerged in
2008 [3,4], and is currently being explored as a candidate for these
high field applications owing to their very high upper critical fields
(> 40 T) and J. values exceeding 105 A cm~2 at 9 T in single crys-
tals [5]. Compared to rare-earth cuprate superconductors (REBCO),
which currently offer the highest J. values in high fields [6,7], IB-
SCs have the advantages of being less anisotropic [8] and having
a weaker J. degradation with grain boundary misorientation angle
[9], which could facilitate their adoption as more cost-effective and
practical polycrystalline wires. Of the iron-based superconductors,
the BaFe,As, (or Ba-122) family has shown the highest J. values in
polycrystalline materials [10-12]. A variety of dopants have been
studied for Ba-122 materials, with K commonly partly substituting
for Ba, as this results in both increasing the critical temperature
(Tc) up to 38 K and a wider superconducting phase region [12],
making it easier to define reliable synthesis conditions.
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Although recent efforts by Han et al. have resulted in polycrys-
talline Ba-122 wires with a J. of 4.5 x 10° A cm~2 at 4.2 K and 10
T [13] (above the practical target of 10° A cm~2 at 10 T), these are
still outperformed by single crystals or highly textured samples.
Previous studies on polycrystalline Ba-122 show that it is difficult
to achieve high densities [14,15], and there is a tendency for chem-
ical segregation and impurities at grain boundaries [14,16]. These
factors can cause grain boundaries to become weak-links when the
zone of reduced order parameter becomes wider than the coher-
ence length of Ba-122 (1.2-2.4 nm) [17], which lowers the J. val-
ues [14,16,18,19]. Very extensive studies of the properties of grain
boundaries in REBCO have shown that a reduction in the local or-
der parameter can be measured even in chemically clean (unsegre-
gated) grain boundaries with misorientation angles greater than 5°
[20], perhaps associated with loss of some oxygen [21,22], and that
segregation of impurities will further damage the local supercon-
ducting properties [23]. The extent to which J. in IBSC samples is
limited by either the intrinsic properties of grain boundaries (aris-
ing directly from the misorientation of the crystal lattice) or ex-
trinsic factors from processing, like impurity or dopant segregation,
has not yet been properly resolved.

To gain a better understanding of the role grain boundaries play
in Ba-122 superconductors, high-resolution characterisation of the
grain boundary chemistry is required. This is complicated by the
fact that these materials are often processed to give grain sizes be-
low 500 nm because of the valuable contribution that grain bound-
aries have on the flux pinning properties [19]. There have been
multiple studies using transmission electron microscopy (TEM)
[14,16,18,19,24,25] where FeAs layers, oxide phases, and K segre-
gation were found at grain boundaries. Additionally, these studies
show that using high-purity precursors [14,16], processing the ma-
terial in low oxygen and moisture environments [14,16], having an
excess of K starting material [14], and using lower heat treatment
temperatures of 600 °C [18] can all prevent the formation of im-
purities and secondary phases at grain boundaries, leading to im-
provements in J.. However, quantifying chemical variations across
boundaries remains challenging by TEM, especially when the ori-
entation of a boundary with respect to the analysis direction is
hard to control. Atom probe tomography (APT) offers near atomic-
scale resolution, ppm sensitivity to all elements, and the capability
to study complex materials in 3D [26], making it a very suitable
tool to investigate grain boundaries and the nanoscale structure of
IBSCs, but so far has only been applied sparingly to study them
[27-29].

Grain boundary segregation in APT is often quantified by the
Gibbsian interfacial excess, a thermodynamic measure of how
many excess solute atoms per unit area there are at an interface
compared to the average matrix concentration of solute [30,31].
This work firstly explores the validity of a new systematic Poisson-
based method applicable to a variety of systems that identifies
and calculates Gibbsian excess across grain boundaries analysed
by APT, using simulated datasets. This automated method also
presents advantages over currently implemented methods, lead-
ing to more reproducible results between users [32]. Secondly, this
work quantifies the Gibbsian excess in grain boundaries of real K-
doped BaFe,As, bulks using the Poisson-based method described,
with the goal of investigating if variations in J. performance can
be explained by the measured grain boundary chemistry in IBSC
materials.

2. Experimental section
2.1. Synthesis

Three bulk samples of polycrystalline Bagg;Kg3gFe,As, were
fabricated by powder processing [33]. High-purity precursors of

37

Journal of Materials Science & Technology 270 (2026) 36-48

Table 1

Sample dimensions of the three BaggKosgFeyAs, bulks used for
calculations of critical current density. Dimensions a and b were
perpendicular to the applied magnetic field, whilst ¢ was parallel

to it.
Sample’s ball milling a(mm) b (mm) ¢ (mm)
energy density (M] kg=1)
65 1.00 3.00 1.00
100 1.00 2.65 1.00
200 0.42 2.40 1.54

each element were first mixed inside an Ar glovebox and ball
milled for three different lengths of time corresponding to ball
milling energy densities of 65, 100, and 200 M] kg~! to form
the Ba-122 phase. The ball milling energy densities were chosen
based on previous work by Tokuta et al. [25], which showed that
80 MJ kg~! yielded the highest J. in Co-doped BaFe,As,, whereas
lower energy (20 MJ] kg~') and much higher energy processes
(590 M] kg~1) resulted in an incomplete mechanochemical reac-
tion or poorly connected grain aggregates, respectively. The ball-
milled powders were packed and sealed into Nb sheaths, then
heat-treated at 750 °C for 10 h. The sheaths were removed, and
the samples underwent a second ball milling stage at 40 M]J kg1,
followed by re-packing and sealing into Nb sheaths, and a second
heat treatment at 600 °C under a pressure of 193 MPa. This was
done to minimise any secondary phases caused by incomplete re-
action when initially forming the Ba-122 phase, and to sinter the
powders into homogeneous bulks [18]. No texture was introduced
during processing, resulting in randomly oriented polycrystalline
bulk materials. After this preparation procedure, the samples were
kept inside a desiccator in an Ar glovebox to limit reactions with
moisture and oxygen.

2.2. APT experiments

Sharp APT needles of the three Bagg;Kg3gFeyAs, bulks were
made by the focused ion beam (FIB) milling method developed
by Larson et al. [34,35], using a Zeiss Crossbeam 540 Analytical
FIB-SEM microscope. Sections of approximately 20 pm x 4 pm x
3.5 pm in size were milled out of the bulk surfaces, welded using
Pt onto Si posts and progressively thinned to achieve needles with
an end diameter of 20-40 nm [34].

The prepared needles were transferred to a local electrode atom
probe instrument (Cameca LEAP 5000 XR). Atom probe running
conditions were: laser mode with an energy of 30 pJ, a sample
temperature of 50 K, a target detection rate of 0.2 %, and because
of the need to detect the field evaporation of heavy as-containing
molecular ions, a varying pulse rate frequency was used to keep a
constant mass spectrum range up to 340 Da.

2.3. Magnetometry

Magnetisation measurements on three Bagg;Kg3gFeyAs, bulk
samples of the same batches as the ones produced for APT mea-
surements were carried out on an Oxford Instruments vibrating
sample magnetometer (VSM) at 14 T maximum field and a tem-
perature of 4.2 K. The critical current density was extracted using
the extended Bean model [36,37] using Eq. (1):

_ 2Am
- Va(1- )

where Am is the difference in moment (in A m?), V is the sample
volume (in m3), and a and b (in m) are the sample dimensions
perpendicular to the applied field, where a < b. The samples were
rectangular with dimensions summarised in Table 1.

Je (1)



L. Lain Rodriguez, B.M. Jenkins, S.A. Limon et al.

3. Simulations and calculations

In order to investigate the accuracy of using APT to measure the
composition and Gibbsian interfacial excess associated with grain
boundaries (GB), a series of simulations was performed. Simula-
tions were conducted for a variety of independent variables, sum-
marised in Table 2.

As shown schematically in Fig. 1, each individual simulated vol-
ume was created as follows:

(1) A 25 nm x 25 nm x 30 nm volume with a simple cubic
lattice (lattice parameter = 0.2 nm) was generated. This sim-
plified crystal structure was chosen to unambiguously define
the location of grain boundaries in the simulations [38].

(2) A grain boundary of the desired width was inserted into this
volume such that the volume was divided into three regions:
grain 1, the grain boundary, and grain 2.

1) Volume created

.
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Table 2
Summary of the parameters that were swept when generating the simu-
lated APT volumes.

Variable Units Range Step size

Grain boundary width Atomic planes 1-6 1

Detection efficiency (1) - 04-1.0 0.1

Spatial precision in the Z nm 0.0-2 0.5
direction (Z precision)

Bin width nm 0.8-2.4 0.4

(3) The atoms in each region were probabilistically assigned a
mass-to-charge-state ratio (Da) based on the desired com-
position of the three regions. Five different cases were in-
vestigated for each simulated volume, with Table 3 showing
the assigned compositions of the various phases. Elements

2) Grain Boundary inserted

into volume
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Fig. 1. Schematic diagram showing steps (1)-(5) on how the simulated APT datasets were generated.

38



L. Lain Rodriguez, B.M. Jenkins, S.A. Limon et al.

Table 3
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Compositions of the different cases that were investigated for each simulated volume.

Case Phase Element A Element B Element C Physical scenario
(Matrix) (Matrix) (Solute)

1 Grain 1 1.00 0.00 0.00 Simplest case. Every atom at the GB is solute element
GB 0.00 0.00 1.00 C. No solute element C in the matrix.
Grain 2 1.00 0.00 0.00

2 Grain 1 0.90 0.00 0.10 Some solute in the matrix. Every atom at the GB is of
GB 0.00 0.00 1.00 solute element C.
Grain 2 0.90 0.00 0.10

3 Grain 1 0.90 0.00 0.10 More difficult case than case 2-solute in matrix and
GB 0.20 0.00 0.80 matrix atoms in GB.
Grain 2 0.90 0.00 0.10

4 Grain 1 0.85 0.05 0.10 More difficult case than case 3-solute in matrix and
GB 0.15 0.05 0.80 matrix atoms in GB. Also third element (B) that does
Grain 2 0.85 0.05 0.10 not segregate.

5 Grain 1 0.70 0.00 0.30 Some solute in the matrix. Every atom at the GB is of
GB 0.00 0.00 1.00 solute element C. The composition of element C
Grain 2 0.90 0.00 0.10 varies in grain 1 and grain 2.

6 Grain 1 0.796 0.199 0.005 Smaller levels of segregation at the GB. More matrix
GB 0.784 0.196 0.02 atoms in GB. Representative of typical segregation
Grain 2 0.796 0.199 0.005 seen in the BaggiKo3oFeyAs, samples studied here.

A and B were defined as forming the matrix material, and
element C as the solute.

Gaussian noise was added to the spatial location of the
atoms based on the spatial precision (Z precision) for each
simulation [39-41], to model the imperfect spatial resolu-
tion within an APT reconstruction [40,42-44]. The precision
in the X-Y direction was also accounted for; however, since
this was observed not to influence the Gibbs excess calcula-
tions, it is not discussed further here.

(5) Atoms were randomly extracted to account for the imperfect

detection efficiency of current APT instruments [41,45].

(4

=

The interfacial excess and the overall composition of each grain
were then calculated for each unique simulation. This process was
automated after user input of the following parameters: the o
value used for statistical tests, the width of bins that the dataset
is divided into (Bin Width), the name of the reference segregat-
ing element used for calculations (SE), and two distances that in-
dicate the distance (x;) beyond which the chemical composition of
grain 1 is unaffected by the grain boundary and the distance (x,)
beyond which the chemical composition of grain 2 is unaffected
by the grain boundary, respectively. The following process, shown
schematically in Fig. 2, was then applied:

(1) The dataset was divided into bins of width ‘Bin Width’ in
the direction perpendicular to the grain boundary.

(2) Two regions were extracted; the first including all distances
within grain 1 up to x; and the second including all dis-
tances in grain 2 beyond x,.

(3) The mean number of counts of the SE in each region was
then measured. This distribution of counts of SE in the bins
in each region was assumed to follow a Poisson distribution:

et x A

PX =%) = ——.

(2)

where A is the mean. The probability of observing the threshold
number of counts of the SE that was statistically unlikely to oc-
cur in a bin (Ngg) was then calculated for each sub volume using
Eq. (3):
x—1
P[X = Nif|=1- P(X =1) < Qagjusteq (3)
i=0
As multiple bins in the region of interest were tested, it was

necessary to use the Sidak Correction [46] to adjust the signifi-
cance level (o) and reduce the likelihood of making a Type II error

39

(false negative):

1
A pdjusted = 1- (1 - 05) m (4)
where « is the original significance level, and m is the number of
tests conducted (in this case, the number of bins in the region of
interest).

(1) The position at which the grain boundary started (Xgg start)s
was then calculated as the bin at which the number of
counts of the SE first exceeded Ng]? An equivalent process,
based on the distribution of element SE in grain 2, was used
to calculate where the grain boundary ended (Xgg gnq)-

(2) The composition of the grain boundary region and its
Gibbsian interfacial excess was then calculated using the
equations proposed in [31]. The calculated grain boundary
width was determined as the distance between Xgp start and

XGB End-

4. Results
4.1. Simulations

Fig. 3 shows how the calculated Gibbsian excess from the sim-
ulated datasets for composition cases 1-5 is affected by the inde-
pendent variables investigated in this study (Table 2).

A representative subset of the results is shown in Fig. 3, where,
unless explicitly plotted, the remaining variables were fixed to
three grain boundary planes, a detection efficiency of 100 %, a Z
precision of 0.5 nm and a bin width of 1.6 nm. Overall, the calcu-
lated Gibbsian excess values agreed closely with the expected ones
and showed a weak dependence on the variables tested, except for
data from simulation case 5, where the calculated Gibbsian excess
was generally underestimated.

Fig. 4 shows the calculated Gibbsian excess data only for
simulation case 6, which was chosen to more closely represent
the real APT data from the BaFe,As, samples studied here. Al-
though in many cases the calculations agree with the built-in val-
ues, Fig. 4 also shows that spatial precisions worse than 1 nm,
bin widths greater than 1.6 nm, and detection efficiencies below
70 % can all reduce the accuracy of the calculated Gibbsian ex-
cess, mostly resulting in underestimating the excess value of 1.125
atoms nm~2. A bin width of 1.6 nm was found to provide a smaller
variability in the resulting Gibbsian excess for the many spatial res-
olutions tested (see supplementary material). The initial set width
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1) Divide dataset into bins of equal width 2) User identifies datatset regions where
Grain 1 and Grain 2 are unaffected by grain
boundary

ElementA @
ElementB @
ElementC @ /’
Grain 1
Unaffected
A | | Unaffected
Observed l :
counts I I
per bin | [
Distance (nm) )
3) Get distribution of counts of Element C in 4) Assume Poisson distribution and calculate
Grain 1 and Grain 2, and calculate mean threshold counts of Element C
Count
Grain 1
-2 x
e xA
PX=x)=—F—
x!
x—1
Naome in Bin (Grain 1) P[X = NP =1- Z P(X = i) < Aagjusted
Count i=0
Natoms in Bin (Grain 2)
5) Use threshold counts to determine start 6) Calculate Grain Boundary composition
and end of Grain Boundary region and Gibbsian interfacial excess
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|
|
\N = NTOtal(Ci = Ciw)§ — Cipy(1 — )
13 AT]

Observed
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per bin

=== omom NThreshoId Grain 1
Element C

Distance (nm)

Fig. 2. Schematic diagram showing the use of the poisson method to determine the bounds of the grain boundary region. In this example, element C is the element that
shows segregation to the boundary.
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of the grain boundary did not detrimentally affect the accuracy of
the results.

Comparing the different simulation cases, good agreement was
found between the expected and calculated Gibbsian excess values,
even for more complicated cases like 3 and 4, where there was
a significant concentration of matrix element atoms at the grain
boundary and solute atoms in the matrix. The exception to this
was case 5, which is the only case with a difference in the com-
positions of the two grains, which generally resulted in an under-
estimation of the Gibbsian excess and incorrect assignment of the
grain boundary start and end points.

4.2. Application to experimental APT data

This method to calculate Gibbsian interfacial excess was ap-
plied to two APT datasets from the 200 M] kg~! ball milling en-
ergy density BaggKg3gFeyAs, sample (Fig. 5). Owing to the small
grain size of these samples (~60-150 nm), it was expected that
typical APT volumes of approximately 400 nm in length and 20-
100 nm in diameter would contain several grain boundaries. Fe;0
ions were found to be preferentially detected from boundaries, and
were therefore used to locate seven grain boundaries contained
in the volume analysed in these two datasets. The 3D intercon-

4

nected geometry of these planar features suggests that they are
grain boundaries, and that most boundaries contain some oxygen.
There are several possible sources of this O impurity, including pre-
existing oxidation on the bare surface of raw element materials
from the supplier, or exposure of the Ba-122 powders to air and
moisture after the 1st heat treatment [14,16,27]. Alternatively, the
reacted bulks may have experienced degradation through exposure
to atmospheric oxygen and moisture when transporting them be-
tween different locations and analysis instruments, with, for in-
stance, approximately 10 min of exposure to air each time atom
probe specimens were transferred from the FIB to the LEAP. In ad-
dition to O, impurities of Na (from the K source) and Sb (from the
As starting powder) were also found segregated at grain bound-
aries. Cuboidal regions of interest (ROIs) were placed perpendic-
ularly across the grain boundary planes, with a 25 nm x 25 nm
cross section and 20 nm length. The Gibbsian excess of O (Fig. 5(c))
was evaluated by using concentration profiles with a bin width of
1.6 nm across these ROIs, and an « value of 0.05 to establish the
thresholds at which the counts in a bin are considered statistically
unlikely to occur within a grain.

Fig. 5(c) shows significant variation in the calculated Gibbsian
excess of oxygen across these seven grain boundaries. The calcu-
lated excess depended on the choice of reference segregating el-
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interfacial excess. (c) Calculated Gibbsian interfacial excess for O from the grain boundaries in (a, b), using Sb and O as the reference segregating elements to establish the

start and end points of grain boundaries. Error bars represent standard errors.

ement used to define the grain boundary limits (in this case, Sb
or O), but in these cases, the relative changes in excess across the
seven boundaries were mostly independent of the choice of ref-
erence element. Since the spatial precision along the analysis axis
of an APT reconstruction is expected to be higher than that per-
pendicular to it [42,43], and as shown by the simulation results
(Fig. 4(c)), the orientation of the grain boundaries to the tip axis
might influence the calculated Gibbsian excess values. To explore
this, Fig. 5(c) compares results from boundaries with different ori-
entations with respect to the analysis axis. However, boundaries
with similar alignment to the analysis axis showed notable varia-
tions in the calculated Gibbsian excess of oxygen (with GBs 1, 3,
and 5 being more perpendicular and 2, 4, 6, and 7 more parallel
to the tip axis). Hence, we conclude that the Gibbsian excess dif-
ferences seen across the similarly oriented boundaries are likely to
be real indications of variability in segregation behaviour to GBs
in this superconductor. The bin width used in the calculations was
also found to influence the resulting Gibbsian excess, but again, the
relative differences in excess values remained comparable. A bin
width of 1.6 nm was used for the Gibbsian excess comparisons be-
tween boundaries, as supported by the simulation results above, as
well as providing effective smoothing of statistical counting noise
in the segregation profiles.

Overall, 15 APT reconstructions from these Bagg;Kgs39FeyAs;
samples were studied, and Gibbsian interfacial excess values were
extracted for 15 grain boundaries (Fig. 6). In addition to contami-
nation with O, Na, and Sb impurities, careful analysis shows that
the composition of the grain boundaries is often not uniform, with
different boundaries showing different segregating elements. For
example, in the dataset in Fig. 7(a), there is an increase in As, O,
and Sb, and a depletion of Fe, Ba, and K at the boundary, whereas
in Fig. 7(b) the boundary is depleted in Fe and As, but shows an
increase in concentration of Ba, K, O, Na, and Sb. Varying levels
of segregation of each element were also observed, even within
samples made using the same synthesis conditions, and no clear

2

correlation was found between synthesis conditions and the Gibb-
sian excess at grain boundaries (see Discussion). The segregation
of matrix elements at the boundaries is linked in the literature to
incomplete reaction of the starting powders to produce the ‘122’
phase [16], or from reaction with O segregated at boundaries (par-
ticularly seen for K and Ba in previous work [14]).

In addition to grain boundary segregation, APT has revealed
other nanoscale inhomogeneities in the Bagg;Kg39Fe,As, samples.
These are oxides of Ba and As, the FeAs secondary phase (Fig. 8)
and significant porosity best shown during sample preparation (see
supplementary material). It is worth noting that FeAs was not
found to wet the grain boundaries in the APT datasets studied, but
it has been seen at larger scales through EDX characterisation (see
supplementary material), and could be a cause of poor connectivity
in all samples. BaO impurities were found both at the nano-scale
in the APT data and at the micron-scale by SEM-EDX.

Fig. 9 shows data from three Bagg;Kp39FepAs, bulk samples of
the same batch but not identical to those studied with the atom
probe. Fig. 9(a) shows the calculated J. at 4.2 K from the mag-
netisation curves of the three bulk samples. The calculated J. was
found to be highest overall for the 100 MJ kg~! sample, indicat-
ing effective flux pinning and a better intergrain connectivity com-
pared to the other two samples. Although the 65 MJ] kg~! sam-
ple showed a comparable J. to that of the 200 MJ kg~! sample
at smaller applied fields, it showed less field dependence and a
greater J. at higher fields than the 200 MJ kg~! sample. This indi-
cates the 65 MJ kg~ sample may have a poorer connectivity sim-
ilar to that of the 200 MJ kg~! sample, but with stronger flux pin-
ning than the 200 MJ kg~! sample. The ball milling energy den-
sity was also related to the grain size obtained from TEM imaging,
and to the FeAs phase fraction from XRD Rietveld analysis, shown
in Fig. 9(b, c), respectively. We note no significant correlation be-
tween the J. values of the three samples and the calculated Gibb-
sian excesses at the grain boundaries studied, although significant
concentrations of O were found in almost every grain boundary.
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5. Discussion ful tool for more detailed studies of grain boundary chemistry
in IBSC materials. Firstly, it provides a systematic way to define
5.1. Validity of the Gibbsian excess method grain boundary limits, and removing user uncertainty from man-

ually defining these bounds can improve the validity of any com-
We have shown that the computational method discussed in parisons drawn between data from different samples. Except for
this study to extract Gibbsian interfacial excess could be a use- the results from case 5, where the compositions of the 2 surround-

43



L. Lain Rodriguez, B.M. Jenkins, S.A. Limon et al.

(a)

(b)
FeAs phase
Fe ions

60

(&)
o

N
o

Concentration (at. %)
N w
o o

-
o
~

o

10
Distance (nm)

50 nm

Journal of Materials Science & Technology 270 (2026) 36-48

) (c)
As & O rich volume BaO
Fe ions Fe ions
50
S .%,//J
540
S30[—n 50
© — —Ba
520§ ® 40
3 w
S F—mm——_ _ A | &
o 10 A | 530
0 —— 1| §
4 2 0 2 |52
Distance (nm) e
8 10
0
-10 -5 0
Distance (nm)

Fig. 8. Examples of nanoscale inhomogeneities found in APT datasets from the Bagg;Ko39Fe;As; samples and corresponding plots of concentration against radial distance
from the surface of the inhomogeneities, for (a) the FeAs phase in the 200 M] kg~! sample, (b) As and O segregation in the 100 kg~! sample, and (c) BaO in the 65 M] kg!

sample.
a b c
o (a) . (b) . (c)
65MJ kg™'
100 MJ kg™ 1407 10 A
c},’E‘ 200 MJ kg™ 120! Q
5 e @ .|
o1 E 100t 5 °
> R g
i D 8o} § o 6
: £ °
N 104+ © 60 ! A
© =
-° © 40 ;
2t A
20t
10° ; ‘ o ; ; ; 0 ; : :
0 5 10 50 100 150 200 50 100 150 200
Applied magnetic field Ball milling energy density Ball milling energy density
(M (MJ kg™ (MJ kg™

Fig. 9. Relationship between the ball milling energy density used during synthesis of the three Bagg;KosgFe;As, bulks and (a) the calculated critical current density J. at
field measured at 4.2 K [33], (b) grain size from TEM data [33], and (c) FeAs phase fraction from XRD measurements [47].

ing grains were allowed to vary, the simulations generally showed
good agreement between the expected and calculated Gibbsian ex-
cess. The accuracy of the calculated excess values was not signif-
icantly affected by the detection efficiency, initial grain boundary
width or bin width, and was not significantly reduced by low spa-
tial resolution. The utility of the extracted excess values is fur-
ther supported by the comparisons of real grain boundaries in
Bag g1 Ko 39FesAs, in Fig. 5(c), showing that segregation differences
found through this method are not the result of changes in spatial
resolution inherent in APT analysis. The observed Gibbsian excess
variations suggest there is a very complex segregation landscape in
these materials, not simply described by an excess or deficiency of
any one element or impurity.

44

On the other hand, there are some important limitations to the
method that must be considered. Firstly, the simulations showed
that low spatial precisions (> 1 nm) and large bin widths (2-
2.4 nm) can result in less accurate determinations of excess values.
This is likely because both factors can cause blurring of the so-
lute segregation profile within the APT reconstruction at the grain
boundary edges, which can result in incorrectly defined bounds
of the interface and, in turn, an erroneous extraction of Gibbsian
excess. Typical quoted spatial resolutions in APT range from near-
atomic to 1.1 nm [26,40], but they are highly dependent on the
analysis conditions (temperature, laser or voltage mode) [40], the
direction within an APT dataset [42,43], and the material being
studied [44]. However, too small a bin width can also lead to er-
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roneous data, with Tegg et al. showing it can lead to higher com-
positional uncertainties [48]. In some simulations of case 5 with a
bin width of 0.8 nm (see supplementary material), due to higher
levels of noise, bins in the matrix with solute counts higher than
the established threshold were incorrectly selected as the bounds
of the interface. This led to artificially wide grain boundaries with
large negative Gibbsian excess values. In the case of APT datasets, a
1.6 nm bin width was found to give a balance between smoothing
noise in the counts whilst minimising blurring of the interfacial
segregation into the grains. The calculated Gibbsian excess using
this bin width was also influenced to a lesser extent by the differ-
ent spatial precisions tested in the simulations.

The choice of reference segregating element for the calculations
is another factor which needs to be cautiously selected. Strong so-
lute segregation is needed for the interface to be located effec-
tively, and where this was not the case in the Bagg;Kg3gFe,Asy
datasets, this method was not able to identify the physical extent
of the grain boundary. This was also seen in simulations from cases
5 and 6, where the method sometimes failed to identify the in-
terface bounds (see supplementary material). These were scenar-
ios where there was no bin measured with a solute count higher
than the calculated threshold; therefore, the code was unable to
define the location of the boundary, and so it was not possible
to calculate the Gibbsian excess. For case 5, this is due to high
solute counts in both the matrix and grain boundary, whilst for
case 6, this was caused by the small increase in solute counts
at boundaries. This issue was further aggravated by lower spatial
resolutions. The findings of the real APT datasets also highlight
the importance of carefully choosing the reference segregating el-
ement, with Fig. 5(c) showing Gibbsian excess changes depending
on which element was used. This is likely due to the differences in
field evaporation behaviour of various elements [49], for example
using oxygen as the reference resulting in a broader segregation
profile than antimony (Fig. 7). Using a different reference element
such as Fe can lead to even larger variations in the calculated ex-
cess, so it is important that users test a range of reference ele-
ments and justify their final choice. Moreover, there can be differ-
ences in the order of field evaporation of elements at the interface
[50,51], especially in materials like Ba-122, where there are large
variations in the evaporation fields of their constitutive elements
(e.g. 7 V nm~! for K compared to 42 V nm~! for As) [52]. This
can mean the segregation of different elements appears to be at
different spatial locations in the reconstructed data (Fig. 10), and
could negatively affect the accuracy of the calculated Gibbsian ex-
cess. Users should therefore check the order and the distribution
of segregating elements for each material studied under APT using
this method.

Another key consideration for this method is establishing the
size and placement of the region of interest used to extract ion
counts across a grain boundary. Because segregation is not always
uniform across different regions within the grain boundary plane,
and smaller ROIs give larger statistical errors, Gibbsian excess val-
ues can vary widely depending on the precise volume and location
of the ROI [53-55]. Therefore, ensuring the ROI is placed across as
much of the interface as possible will minimise uncertainty in the
counts and, in turn, the calculated excess values. Furthermore, to
reduce errors, ROIs must be placed with the analysis direction per-
pendicular to the grain boundary plane, with the limitation that
some interfaces are not perfectly planar (which can lead to both
broadening of the solute segregation profile [42] and an underes-
timation of the sampled interface area). The ROI should also in-
clude as much of grains A and B as possible, to correctly estab-
lish the average grain solute counts and minimise issues caused by
noise where bins have higher counts than the set threshold val-
ues. Longer ROIs could also improve the accuracy of excess results
when grains have different solute concentrations.
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showing an artificial offset in the segregation profiles of Fe and K compared to that
of the other elements in the material. The dashed line represents the estimated
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Improvements to this computational method are also possible
to maximise the accuracy of Gibbsian excess calculations through
higher APT spatial resolutions. This could be achieved by opti-
mising APT analysis conditions, including reducing the analysis
temperature, using voltage instead of laser mode, and targeting
grain boundaries oriented perpendicularly to the analysis direction
(through methods such as Transmission Kikuchi Diffraction (TKD)
[56]). Improved spatial resolutions could also open the possibil-
ity of extracting accurate grain boundary widths from APT data.
In practice, however, this is difficult to accomplish as the analy-
sis conditions mentioned above increase the chance of premature
sample fractures during atom probe experiments.

5.2. Validity of the simulations

The simulated datasets have some limitations in supporting the
validity of the Gibbsian excess obtained using this method. Unlike
in the simulations, the density of atoms in APT data can fluctu-
ate due to local changes in the evaporation field [26] or due to
surface ion migration effects during APT experiments when using
laser mode [57]. To minimise effects from density changes, solute
counts against total counts are typically used when calculating ex-
cess values [31]. However, these density fluctuations can lead to
different total ion counts in each bin, which can influence the cal-
culation of the Poisson distribution in each grain and, in turn, the
calculated thresholds and Gibbsian excess.

The simple cubic cell used in the simulations also does not ac-
count for some of the limitations when extracting Gibbsian excess
in more complicated cases. For example, in systems with AB crys-
tallographic stacking, the calculated Gibbsian excess will be posi-
tive or negative depending on whether an A or B plane constitutes
the interface, even when the stacking is assumed to be uniform
[38]. This could be the case in the Bag g Kg39Fe;As, samples, which
have an [4/mmm crystal structure with alternating layers of Ba, K
and Fe, As, respectively.

Finally, the cases studied here may not represent more com-
plex non-uniform solute segregation scenarios in real APT data. For
example, cases where the solute concentration decreases and sub-
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sequently increases at a boundary (seen for Fe and K in Fig. 10)
could prevent identification of the bounds of the interface, limiting
the applicability of this method.

In summary, the simulations in this work have proven the va-
lidity of the method used to systematically extract Gibbsian in-
terfacial excess from APT datasets. However, the simulations used
are a simplified version of real grain boundary structures in APT,
and work to include the effects of field evaporation, retention, and
more complex segregation cases would be necessary before this
method is applied to systems where these artefacts are particu-
larly prevalent. Therefore, this method is most suitable as a metric
of comparison between grain boundaries of the same material, run
under consistent atom probe conditions, and where there is clear
solute segregation to the boundaries.

5.3. Implications for the superconducting properties of Ba-122

Although this study did not find a clear link between synthe-
sis conditions, Gibbsian excess data, and the measured J. of the
Ba-122 samples, the APT results have revealed significant and non-
uniform segregation at grain boundaries that could be affecting the
superconducting properties. The segregation behaviour was found
to differ even when comparing grain boundaries within a single
atom probe reconstruction, with varying segregation levels of im-
purities (Fig. 6), and different matrix elements being segregated
or depleted at different boundaries (Fig. 7). This could in part be
explained by the complexity of solute segregation at grain bound-
aries, which depends on multiple factors, including grain misorien-
tation angles and the types of crystallographic planes that form a
boundary [58]. Obtaining crystallographic information on the grain
boundary misorientations through correlative TEM or TKD would
therefore help understand and compare the segregation behaviour
in Ba-122 samples. To make statistically significant comparisons
between samples made using different conditions, analysing a
larger set of grain boundaries would also be necessary. While TKD
would provide invaluable complementary information, the authors
of this work found it unfeasible to obtain both a high APT sam-
ple yield and clear TKD transmission signals on Ba-122 specimens.
This is likely due to the relatively heavy ‘Ba’ atoms, which degrade
the TKD signal unless the samples are extremely thin [59], or due
to the small grain size of these samples and suboptimal orientation
of grain boundaries with respect to the viewing direction, meaning
there could be overlapping grains contributing to each pixel [60].

In addition, the measured bulk J. of these Ba-122 samples
(Fig. 9(a)) is affected by multiple competing factors, including
the fundamental intragrain properties of the K-doped ‘122’ phase
[61,62], the connectivity between ‘122’ grains after the 2nd stage
sintering process, and the flux pinning landscape.

Considering the intragrain properties, although no large differ-
ences in the average composition of the Ba-122 bulks were found
through XRD Rietveld refinement [47], the APT data showed that
the Fe to As ratios were not always 1:1 within grains, which could
affect the local T.. However, the overall APT compositions across
the three samples were comparable and showed the expected ‘122’
stoichiometry.

Regarding the connectivity at the macroscale, evidence was
found in this work of macroscopic cracks present in the bulk sam-
ples, which are expected to greatly decrease the magnitude of the
measured J., as well as larger FeAs and oxide particles seen in EDX
(see supplementary material). At the nanoscale, previous work has
concluded that the intergrain connectivity is largely compromised
by extrinsic factors including porosity [24,63,64], chemical segre-
gation [14,16,65,66], and impurities (typically oxides forming in-
sulating layers [16,67]). We have not observed the secondary FeAs
phase wetting layers at grain boundaries reported by some authors
[14,18], which must have severe effects on the local current carry-
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ing capacity, but the levels of segregation (Fe, As, and K) and im-
purities (O, Na, and Sb) seen in the rather high purity materials in
this study are likely to reduce the intergrain connectivity in these
bulk samples to some degree.

However, grain boundaries in Ba-122 could also enhance flux
pinning through 8T; pinning. This form of pinning is caused by lo-
cal reductions in the T. from the intrinsic distortion of the crystal
lattice at grain boundaries, as well as K or Ba segregation or deple-
tion (since the T is strongly linked to the doping levels, with the
peak in T, occurring at x = 0.36 in KyBa;_xFe,As;) [12,68]. A previ-
ous study showed effective grain boundary flux pinning and an in-
verse relationship between magnetic J. and grain size in Co-doped
Ba-122 [19]. Therefore, the different grain sizes across the three
Ba-122 samples in this work (Fig. 9(b)) could have contributed to
the variations in the measured J. (Fig. 9(a)). The density of grain
boundaries might also affect how much solute collects at them, but
this work did not show any strong correlation between grain size
and segregation levels at grain boundaries.

As a result, the overall J. in ‘122’ bulk samples will depend on a
subtle balance between enhancement of J. through GB pinning and
deterioration of J. through reduced connectivity at grain bound-
aries [69]. In this work, the sample with the smallest grain size
showed the lowest overall J. and the largest field dependence, typ-
ically associated with poor connectivity and weak-link behaviour.
This shows that J. is likely being dominated by the reduced or-
der parameter at unclean grain boundaries. On the other hand, the
sample with the largest grain size (65 MJ kg~1) did not show the
highest J., but it had a less pronounced field dependence than the
finest-grained (200 M] kg~1) sample. This weaker field-dependence
indicates the largest-grained sample likely contained fewer weak-
links, and its low J. at low fields could be the result of its high
FeAs phase fraction (Fig. 9(c)). However, FeAs was not found to
form wetting layers at the grain boundaries studied with APT (in
contrast to what has been seen in previous studies [14,18]), and
the FeAs particles seen in the EDX results are too far apart to de-
crease the macroscopic connectivity very significantly. Therefore,
other factors like cracks could have caused the lower J. seen in
the 65 MJ kg~! sample. The highest overall J. seen in the 100 M]J
kg1 sample may therefore be the result of a larger grain size with
fewer weak-linked grain boundaries than the 200 M] kg~! sample,
a lower FeAs fraction than the 65 M] kg~! sample, and an absence
of macroscopic defects like cracks.

This work undoubtedly shows a complex interplay between the
many factors that influence J. behaviour, making it difficult to sep-
arate the contributions of individual microstructural features to
the superconducting properties. The chemistry variations found in
these APT datasets have provided insight into some of these fac-
tors that limit J. in Ba-122 materials. While perfectly clean grain
boundaries may provide intrinsic limits to the achievable J. val-
ues [70], there is still clear evidence of significant impurity seg-
regation expected to influence the extrinsic current-carrying ca-
pacity of these interfaces, and there is room for improvements
in the synthesis protocols to yield cleaner, better-connected grain
boundaries. Achieving a J. closer to the intrinsic limit may there-
fore be possible through clean synthesis of polycrystalline Ba-122
with small grain sizes.

6. Conclusions

In summary, a computational method to extract Gibbsian inter-
facial excess across grain boundaries in atom probe datasets has
been investigated. The effects of a range of independent variables
and composition cases were explored using simulated datasets of
known Gibbsian excess. It was found that the accuracy of this
method can be high but is limited by cases where there is not
enough solute segregation at grain boundaries, and where there
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are large variations in solute concentration across grains. Careful
consideration of the employed bin widths, reference segregating
element, ROI placement and size must also be taken.

The method developed and presented in this work provides a
systematic way of analysing grain boundaries in Ba-122 materi-
als to confirm how clean they are. In this work, it was applied
to calculate and compare the Gibbsian excess in grain boundaries
of three Bagg;Kp39FeyAs; samples studied using APT. The results
clearly show how complex the grain boundary chemistry in Ba-122
materials is, with inhomogeneous segregation of Fe, As, K, Ba, and
impurities of O, Na, and Sb at boundaries. No clear correlation be-
tween segregation levels and J. was found, indicating other factors
such as grain size, FeAs phase fractions, porosity, cracks, the upper
critical field and T, could be responsible for the differences in Jc
seen across the three samples studied. However, the results in this
study highlight the potential for further improving J. by optimising
processing to produce clean grain boundaries.
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