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Abstract
Bi2Sr2CaCu2Ox (Bi-2212) is an interesting high temperature superconductor (HTS) for high field
applications due to its unique ability to develop high critical current density (Jc) in polycrystalline
round wires. The performance of all HTSs is highly sensitive to the doping states, particularly
near the critical doping where the pseudo-gap opens and Jc, the upper critical field Hc2 and other
superconducting properties, but not Tc, are maximized. However, due to Bi-2212’s complex wire
microstructure, the impact of doping on the conductor performance has been poorly understood.
Here we systematically investigate the superconducting behaviour across a wide doping range,
separating for the first time the individual effects induced by oxygen-doping on the grain and the
grain boundary (GB) properties. Our results can be interpreted as grains and GBs being affected
by separate pseudo-gap openings with the grain irreversibility field HIrr being controlled solely by
the grain pseudo-gap, whereas the GB HIrr is influenced by both. Moreover, the Jc performance at
4.2 K is strongly related to the grain vortex pinning properties, but with some Jc limitation arising
from the GBs. These findings demonstrate the impact of a fundamental physical phenomenon, the
pseudo-gap, on the overall conductor performance, and they highlight the complexity of optimiz-
ing this material. These results also suggest that targeted adjustments to Bi-2212 processing may
enable significant improvements in Jc. Moreover, since the pseudo-gap is not unique to Bi-2212,
similar limiting effects of different grain and GB boundary doping almost certainly operate in
other HTSs, which also could gain from alternative processing strategies making them more suit-
able for magnets for high-field research, fusion or medical applications, and for high-power cable
technologies.

1. Introduction

Bi2Sr2CaCu2Ox (Bi-2212) is a particularly interesting material from both the physical and technological
perspectives and because of their interactions. From the physical standpoint, all cuprate high tempera-
ture superconductor (HTS) are unconventional and cannot be explained by the BCS theory [1]. They
exhibit d-wave pairing symmetry, resulting in nodal superconducting order parameter, a feature many
think limits supercurrent flow across high-angle grain boundaries (HAGB). Moreover, cuprates possess
very complex phase diagrams encompassing a variety of physical phenomena like poor or strange metal
behaviours, antiferromagnetism at low doping level, spin/charge/superconducting fluctuations, pseudo-
gap, charge and spin density waves, Fermi liquid and superconductivity [2].

Keys to this study on Bi-2212 wires are the superconducting dome in the hole-doped state and the
pseudo-gap regime. Presland et al [3] described the doping-dependence of the dome with a universal
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parabolic relation for all cuprates, Tc = Tc,max

[
1− 82.6(p− 0.16)2

]
, with Tc and p being the critical

temperature and number of holes per Cu. Since the actual doping level is hard to directly evaluate, this
formula has been widely used to evaluate p from measured Tc allowing also an easy comparison with
previous works. The optimal doping for the maximum of Tc (Tc,max) is at popt = 0.16 hole/Cu (in the
following we will omit hole/Cu). Doping below popt is referred as under-doped and above as over-doped.

There is an exceptionally vast literature on the various physical phenomena occurring in cuprates
both above and below Tc, and here we summarize the different hypotheses about the pseudo-gap phase
boundary. In hole-doped Bi-2212, the doping level at which the pseudo-gap closes with increasing p is
controversial for both its position and temperature dependence. Such closure was located at a ‘critical
doping’ pc of ∼0.19 by thermodynamic and ARPES measurements down to low temperatures within
the superconducting dome [4–6]. However, other scenarios were suggested (e.g. by STS, Raman, NMR,
ARPES, transport,…) with the pseudo-gap persisting up to very high temperature above Tc and being
limited by a T∗ (p) line in the phase diagram (see for instance [7, 8] for overviews). Some studies sug-
gested that the high-temperature T∗ (p) line meets the superconducting dome at Tc,max, whereas others
reported shifts to higher over-doping level. Also different T∗ (p) trends were suggested within the dome,
considering ‘entrant’ or ‘reentrant’ behaviours (i.e. T∗ (p) with negative or positive slope below Tc join-
ing the point where T∗ (p) above Tc meets the dome, with pc ∼0.19 at 0 K), as well as no pseudo-gap
below or a complete temperature independent closure of the pseudo-gap at pc [6, 7, 9]. Despite these
differences, most scenarios agree with a critical doping of pc ∼ 0.19 at low temperature. The reason for
considering this fundamental physical phenomenon in the study of wires is that the pseudo-gap ampli-
tude increases linearly with decreasing p below pc and its opening appears to compete with superconduc-
tivity (due to reduction in density of states) leading to maxima at pc of the condensation energy, Jc, and
Hc2 (maximum Hc2 at pc ∼ 0.183 in Bi-2212) [4, 10, 11], thereby affecting the wire performance.

From the technological perspective, Bi-2212 is unique among HTS conductors for its ability to
be made into a superconducting round wire, ideal for high-field, low-temperature applications [12].
In general, the primary obstacle of making HTS round wire lies in the material high anisotropy and
the detrimental effects of grain-to-grain misorientation. In other HTS this issue is overcome by two
approaches: creating a highly complex multilayer tape, which induces long-length bi-axial texture in
the epitaxial superconducting film, as in REBa2Cu3Ox (or REBCO, with RE= rare earth) tapes; pro-
ducing powder-in-tube (PIT) multifilamentary tapes, such as Bi2Sr2Ca2Cu3Ox (Bi-2223), whose partial
texture is induced by mechanical flat rolling. The disadvantages of both tapes are the large aspect ratio
of their cross-sections as well as their strongly anisotropic performance, both undesirable features for
most high-field applications. Moreover, REBCO is effectively a single-filament conductor, so vulnerable
to local defects or damage and preventing current sharing, and has a wide tape superconducting cross-
section, undesirable because of the large, induced screening current. Bi-2223 is polycrystalline with only
a uniaxial c-axis texture perpendicular to the tape and no in-plane texture, so its performance suffers
from in-plane HAGB. The peculiarity of Bi-2212 is that it can be made in polycrystalline round wire
via PIT method (see cross sections in figures 1(c) and (d)), it has the advantage that during the over-
pressure heat treatment (OPHT) it melts and the slow cooling promotes grain nucleation with a rapid a-
axis growth, enabling grain self-alignment. This leads to a unique local bi-axial texture with the c-axis of
the polycrystals rotating along the filaments [13]. Consequently, Bi-2212 multifilamentary wires exhibit
macroscopically isotropic properties and excellent current transfer capability, highly desirable for magnet
applications.

In this study, we explore the effects of de-oxygenation and over-oxygenation on Bi-2212 round
wire, examining the resulting superconducting performance and its correlation with more fundamental
aspects. In particular, we address several open questions. Although the typical OPHT sets Bi-2212 in a
slightly over-doped state that maximizes Jc, what is the actual p concentration? Is there a significant dif-
ference between the grain and the GB doping states? How and how much are the doping states affecting
the various superconducting properties? Is there a way to improve the superconducting performance of
the wire?

2. Method

2.1. Sample preparation
The Bi-2212 conductor employed for this work consists of 990 filaments organized into 18 bundles
with 55 filaments each (55 × 18 restack design, figure 1(c)). The Bi-2212 filaments are embedded in
an Ag matrix forming a 1 mm-diameter wire with an average filament diameter of 14.4 µm (wire ID:
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Figure 1. (a) Derivatives of the magnetization superconducting transitions of Bi2Sr2CaCu2Ox samples measured by DC suscep-
tibility after a zero-field-cooling performed on primary and de-oxygenated sample and (b) on primary and over-oxygenated
samples (see table 1). The dashed, dotted and solid lines are the results of the single or double-peak fitting. Panel (a) demon-
strates the separation, upon de-oxygenation, of the grain and grain boundary superconducting transitions (higher and lower
temperature peaks, respectively) and their non-monotonic shifts. Panel (b) reveals that, upon over-oxygenation, the transitions
become sharper and progressively move towards lower temperatures. (c) Transverse cross section of the entire wire after the pre-
densification heat treatment (before the overpressure heat treatment reaction). (d) Backscattered-electron scanning electron
microscope image of a typical Bi2Sr2CaCu2Ox bundle after the over-pressure heat treatment. Panels (c) and (d) show the typi-
cal conductor microstructures before and after the over-pressure heat treatment. In the first case the filaments are discrete and
organized in 18 bundles with 55 filaments each. After reaction the filaments within each bundle tend to bond.

pmm180627). After a 50 bar pre-densification HT at 830 ◦C/12 h, segments of the wire underwent a
primary OPHT, as described in [14], reaching a maximum temperature of ∼889 ◦C (actually 888.5 ◦C
for the de-oxygenated and 889.5 ◦C for the over-oxygenated samples; the small differences in the pri-
mary heat-treated samples is due to the small HT difference and the high sensitivity of Bi-2212 to subtle
processing changes). The primary HT typically results in limited filament bonding within the bundles
(figure 1(d)). Following the primary OPHT, the Bi-2212 samples underwent secondary HTs to modify
their oxygen content. De-oxygenation was accomplished by heating the samples at temperatures ranging
between 300 and 700 ◦C in a partial O2 pressure of 0.01 bar for 48 h. Over-oxygenation was performed
by heat treating at 400 ◦C in a O2 pressures of 2.5, 5 and 10 bar for 48 h. Table 1 summarized the con-
ditions and sample names corresponding to these secondary treatments.

2.2. Superconducting andmicroscopic characterizations
Magnetic characterizations were performed on ∼4 mm long samples with the magnetic field applied
perpendicularly to the wire axis. DC magnetization measurements for all samples were carried out in
a Quantum Design (QD) MPMS SQUID magnetometer at 1 mT to determine the superconducting tran-
sition and to evaluate the average bundle size as explained in [15, 16]. From these measurements, the
DC susceptibility evaluated over the bundle volume, χBundle, was obtained (see supplementary figure S1)
along with its derivative dχBundle/dT (figure 1). Peak positions of dχBundle/dT were determined using
single asymmetric peak fits for the primary and over-oxygenated samples, and double asymmetric peak
fits for de-oxygenated samples. The resulting peak modes were taken as the corresponding Tc values.
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Table 1. Summary of the secondary heat treatment (2nd HT) conditions performed on the Bi2Sr2CaCu2Ox wire after the primary
over-pressure heat treatment. Those secondary heat treatment changed the doping state of Bi2Sr2CaCu2Ox.

Preparation Name 2nd HT temperature 2nd HT pressure

De-oxygenation experiment

Primary — —

300 ◦C 300 ◦C

Ptot = 1 bar

PO2 = 0.01 bar

PAr = 0.99 bar

400 ◦C 400 ◦C

500 ◦C 500 ◦C

600 ◦C 600 ◦C

700 ◦C 700 ◦C

Over-oxygenation experiment

Prim.2 — —

2.5 barO2 400 ◦C Ptot = PO2 = 2.5 bar

5 barO2 Ptot = PO2 = 5 bar

10 barO2 Ptot = PO2 = 10 bar

Considerations regarding the choice of the fitting function are given in the supplementary materials and
in figures S2 and S3.

AC susceptibility was measured in a QD 9 T PPMS with µ0HDC up to 9 T and µ0Hac ranging from
0.1 to 1.5 mT (f = 73 Hz, chosen to limit the current induced into the Ag matrix), as we previously
demonstrated that this technique allows us to separately investigate the intra and INTER-grain contri-
butions by analysing the first harmonic χ ′ ′

1 dissipation peak (also the AC susceptibility is evaluated on
the bundle volume). Since the irreversibility line (IL) is by definition at Jc = 0, where the vortex pinning
energy also vanishes, and Jc is proportional to Hac [17], investigating the shift of the dissipation peaks as
Hac approaches zero enables determination of the intra and INTER-grain ILs, as described in [15, 16].

The critical current of the wires was measured in transport using the four-probe method and esti-
mating Ic at the typical electric field criterion of 1 µV cm−1. Measurements were carried out at 4.2 K
in magnetic field of 5 T applied perpendicular to the wire axis. Corresponding Jc values were deter-
mined by dividing Ic by the densified cross-sectional area of the filaments after the 830 ◦C/12 h pre-
densification process [18].

The Bi-2212 cross-sectional area after powder densification was evaluated by analysing optical images
acquired with an Olympus BX1M-LED optical microscope. Backscattered electron imaging was per-
formed in a FEI Helios G4 UC dual beam (electron and Ga ion) field emission scanning electron micro-
scope on polished transversal cross-sections of the wires after the OPHT.

3. Results

3.1. Tuning the doping states
The superconducting transitions were first evaluated by DC susceptibility (supplementary figure S1).
To highlight the features of the transitions, the temperature derivative of the susceptibility curves was
analysed as shown in figures 1(a) and (b). In a homogeneous, well-connected superconductor dχ/dT
typically exhibits a single peak in correspondence of the transition with minor broadening on the low-
temperature side. Here, after the primary HT, the peak was slightly broadened, suggesting the presence
of two partially overlapping peaks. Upon initial de-oxygenations of Bi-2212 up to 400 ◦C, the transi-
tion temperature increased and the separation of the two partially overlapping dχBundle/dT peaks became
more obvious (figure 1(a)). Further de-oxygenation at 500 ◦C–600 ◦C caused the higher-temperature
peak to shift upward, while the lower-temperature peak moved downward. Only after the de-oxygenation
at 700 ◦C did both peaks shift toward lower temperatures.

In the over-oxygenation experiment performed at increasing O2 pressure (figure 1(b)), single peaks,
much sharper than after the primary HT, are observed with position progressively shifting to lower
temperatures. To estimate the positions of those peaks, we performed single and double peak fits (see
section 2.2). The double transitions observed in the de-oxygenated samples, are typically attributed to
separate grain contribution (or intra-grain) for the higher-temperature feature and to GB contribution
(or inter-grain) for the lower-temperature feature.

To evaluate the doping state p of both the grains and the GBs, we employed the positions of the
peak maxima from the fits in figure 1 as Tc values and applied Presland’s parabolic relation for Tc (p)
[3]. Assuming the maximum Tc values observed in the de-oxygenated series for the grains and the GBs
as Tc,max in Presland’s relation, we built the diagram in figure 2 (possible effects on p on the choice of
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Figure 2. Diagram of critical temperature Tc as a function of the doping level p for the grain and grain boundaries obtained on
Bi2Sr2CaCu2Ox samples. The grain and grain boundaries critical temperatures Tc,g and Tc,GB were determined from figure 1. The
full and open symbols are for the de-oxygenated and over-oxygenated series, respectively. Identical symbol shapes on the two
main curves are for the same sample. The correspondent doping levels pg and pGB were calculated by using Presland’s parabolic
relation. The under-doped (pg,pGB < 0.16) and over-doped (pg,pGB > 0.16) states are determined with respect to the maximum
position. The critical doping pc, below which the pseudo-gap is expected to open, is assumed to be at about 0.183–0.19. The
data point labels have subscripts ‘g’ or ‘GB’ for grain or grain boundaries, and superscripts reporting the name/heat-treatment
conditions as described in table 1. This diagram evidences the markedly different Tc values of the grain and grain boundary with
changing the doping states making them independently affected by the presence or absence of the pseudo-gap.

the Tc,max values are described in the supplementary materials). This generates two curves, one for the
grain properties (marked by the subscript ‘g’) and one for the GB properties (marked by ‘GB’). Note
that, having fitted the data for the primary-heat-treated and the over-oxygenated samples with a single
peak function, the two Tc values are assumed identical. It must be kept in mind, however, that in the
over-oxygenated samples we cannot exclude that the local GB Tc,GB of being higher than Tc,g (a locally
higher Tc,GB would be undetectable by magnetization), so for these three samples Tc,GB could be under-
estimated. A higher Tc,GB with a corresponding lower pGB for the over-oxygenated samples could occur
in case of similar or only slightly different grain and GB diffusion rates, due to the large difference in
the initial p concentrations observed in the primary heat-treated sample. The pg and/or pGB concen-
trations estimated in figure 2 are used in the following as parameter of other superconducting proper-
ties with respect to the doping levels. The Tc (p) trends clearly shows that Tc,GB maximum is reached
by deoxygenating at 400 ◦C, whereas Tc,g maximum is obtained only at 600 ◦C, implying that the GBs
are more rapidly affected by de-oxygenation. The two Tc (p) curves also evidence a marked difference in
the grain and GB Tc,max values, possibly caused by variations in the microstructure, microchemistry and
strain at the GBs.

Looking closely at the Tc doping dependences in figure 2, according to the previously identified
threshold pc for the opening of the pseudo-gap, we noticed that the primary-heat-treated samples have
their GBs within the pseudo-gap regime (pGB < pc), whereas the grains are at a doping level without
pseudo-gap (pg > pc). Moreover, over-oxygenation brings both the grains and the GBs into the non-
pseudo-gap region.

3.2. Variation of irreversible properties with the doping state
AC susceptibility measurements are a valuable tool to investigate the properties of Bi-2212 wires [15,
16]. Analysing the dissipative part χ ′ ′

1 , we can distinguish the contributions determined by long-range
induced current, which must cross the GBs (referred in the following by GBs), and by short-range cur-
rents confined within the grains (see supplementary figure S4). The corresponding ILs for both the
grains and the GBs are shown in figure 3. Upon de-oxygenation (figures 3(a) and (b)) we observed an
initial small enhancement of the low-temperature/high-field HIrr(T), followed by a drastic suppression.
After the 600 and 700 ◦C HTs, the GB ILs reveal a particularly strong curvature, which is typically asso-
ciated with Josephson weak-link behaviour. In contrast, the over-oxygenated samples (figures 3(c) and
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Figure 3. (a), (c) Grain boundary and (b), (d) grain irreversibility lines of Bi2Sr2CaCu2Ox samples at various doping states
obtained by AC susceptibility. (a) and (b) are for the samples that underwent de-oxygenation and (c), (d) for the over-
oxygenated samples. These curves show that after de-oxygenation the irreversibility lines move in temperature in a non-
monotonic way, revealing also an increasing upward curvature with increasing the heat treatment temperature. In the over-
oxygenation case, the irreversibility lines shift toward lower temperature but without significant change in the curve temperature
dependence.

(d)) show HIrr(T) curves that progressively shift toward lower temperatures with increasing oxygen level,
although the overall shape of the curves remained relatively unchanged. In all samples the GB IL always
lies below that of the grains.

To better understand the low-temperature trend of the ILs as a function of doping state, figure 4
presents the irreversibility temperatures TIrr,GB and TIrr,g evaluated at 9 T (the maximum applied DC
field) for the GBs and grains, respectively, as a function of pGB and pg. We observed that the grain
TIrr,g

(
pg
)
(figure 4(b)) peaked at about pg ∼ 0.19, corresponding to the sample de-oxygenated at 400 ◦C,

with sharp declines on either side of this doping level. Within the studied doping range TIrr,g varies
by more than 6 K, from ∼24.7 K in the under-doped state (pg ∼ 0.146) to the maximum of ∼31.1 K
(pg ∼ 0.188). On the other hand, the GB behaviour of TIrr,GB (pGB) is less systematic (figure 4(a)), with
TIrr,GB showing less than 1.5 K variation in the pGB ∼ 0.153− 0.196 range, but decreasing rapidly outside
this range, reaching an overall variation of almost 5 K. A peculiar feature of the TIrr,GB (pGB) trend is the
presence of two distinct maxima at pGB ∼ 0.16 and 0.18.

To understand the origin of the different TIrr,g

(
pg
)
and TIrr,GB (pGB) trends, we need to consider both

the measurement technique and the sample microstructure. Since they are obtained inductively via AC
susceptibility, the long-range GB ILs reflect current percolation through both the well-connected GBs
and the grains. Since along the wire the grains assume any and all c-axis orientations (Bi-2212 grains
are locally biaxial textured, but along the wire the c-axis direction changes), the GB ILs are constrained
by the least favourable grain orientations and the worst GBs with respect to the local field orientation.
On the other hand, the short-range grain ILs are determined by intra-grain currents only. Since the
grains assume any orientation with respect to the field, the grain ILs represent an average of ILs for all
grain orientations. As shown in figure 4(b), the single sharp maximum of TIrr,g

(
pg
)
at pg ∼ 0.19 indi-

cates that on average the best doping level for the grain IL is at the grain critical doping pc, achieved by

6



Supercond. Sci. Technol. 39 (2026) 085006 C Tarantini et al

Figure 4. (a) Grain boundary and (b) grain irreversibility temperatures TIrr,GB and TIrr,g at 9 T as a function of doping concen-
trations in Bi2Sr2CaCu2Ox samples. The TIrr values are from figure 3 and the p values are from figure 2. The grain boundary
irreversibility temperature TIrr,GB at 9 T as a function of the grain boundary doping pGB shows a non-monotonic behaviour with
two maxima in the samples with either the grain (400 ◦C de-oxygenation) or the grain boundaries (Prim.2) close to the critical
doping pc. The grain irreversibility temperature TIrr,g at 9 T as a function of the grain doping pg has a single maximum for the
sample with the grain doping at pc.

the 400 ◦C de-oxygenation. In contrast, the peculiar two-maxima feature of TIrr,GB (pGB) (figure 4(a))
can be explained by considering both pGB and the specific samples where the maxima are observed: the
maximum at pGB ∼ 0.18 is indeed near the GB critical doping pc, where the pseudo-gap is barely open,
whereas the pGB ∼ 0.16 maximum is in the sample de-oxygenated at 400 ◦C, with the grains at their
critical doping. This implies that in this temperature range (∼22–26 K) the GB ILs are influenced by
both the grain and the GBs pseudo-gaps and, since the grain and the GBs do not reach their respective
pc in the same sample, this results in the observed TIrr,GB (pGB) double feature.

3.3. Change of the critical current density with the doping state
Because Bi-2212 is intended for low-temperature applications, we performed the critical current density
measurements at 4.2 K and 5 T on all samples to evaluate its dependence on the doping level. Transport
Jc is inherently a long-range characterization involving both the grains and the GBs and, since Jc in HTS
is typically limited by the GB properties, it might appear more logical to plot Jc as a function of pGB.
However, we chose to examine the trends with respect to both pGB and pg (figure 5). We observed that
de-oxygenation at temperature up to 400 ◦C led to a marginal increase in Jc (up to 3%) compared to
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Figure 5. Transport critical current density Jc (5 T, 4.2 K) as a function of (a) the grain boundary and (b) the grain doping con-
centrations in Bi2Sr2CaCu2Ox samples. The p values are from figure 2. These doping concentration dependences reveal that the
grain doping is more strongly affecting Jc leading to a maximum at the grain critical doping pc.

the primary heat-treated sample. Further de-oxygenation resulted in a sharp Jc decrease and a systematic
Jc suppression was also observed in the over-oxygenated samples. The 400 ◦C de-oxygenated sample with
the maximum Jc corresponds at the same time to the optimal doping for the GBs (maximum Tc,GB at
pGB = 0.16) and to the critical doping for the grains (pg ∼ 0.19).

The presence of a single maximum in Jc (4.2 K,5 T), similar to TIrr,g

(
pg
)
(figure 4(b)), suggests

that at low temperature the grain properties have a stronger influence on Jc than the GBs. However,
Jc
(
pg
)
maximum is less sharp than that of TIrr,g

(
pg
)
, and the Jc decline on the high-p side is more

gradual. This indicates that transport Jc is also sustained by the relatively stable GB IL in these samples
(see figures 4(a) and 5(a) in the pGB ∼ 0.16− 0.18 range). Overall, these observations suggest that Jc is
affected by both the grain and the GB doping levels, and specifically by the presence or absence of their
respective pseudo-gaps.

4. Discussion

Performing secondary HT on Bi-2212 wires after the standard OPHT enabled us to estimate the actual
p concentration following both the primary HT and the subsequent de-oxygenation/over-oxygenation
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experiments. We established that, after the primary HT, both the grain and the GBs were indeed in a
slight over-doped state. However, a noticeable difference exists between their doping levels: the grains
were above pc while the GBs remain below it. Moreover, varying the oxygen content with secondary HTs
consistently resulted in different doping levels for grains and GBs, implying that they cannot be simulta-
neously optimized.

The different doping states also led to distinct superconducting properties. We examined in detailed
the grain and GB ILs, as well as the overall Jc performance. Since those characterizations were performed
in different temperature ranges (the former at intermediate and high temperatures, the latter at low tem-
perature) it is important to recall previously identified differences [15, 16]. In fact, we had found that an
additional intra-grain pinning mechanism, presumably induced by point defects, emerges at low temper-
ature in Bi-2212 wires. This mechanism also influences the overall inter-grain performance, but only to a
limited extent in the 20–30 K range where HIrr is measured. On the contrary, there is a clear correlation
between the enhanced intra-grain pinning and the increased Jc at 4.2 K, explaining some of the trend
differences observed across temperature ranges.

Our present investigation of the doping dependence of Bi-2212 revealed that the superconducting
properties exhibit peculiar features when either the grains or the GBs are at their respective critical dop-
ing, indicating correlations between the sudden property changes and the opening of the pseudo-gap.
In retrospect, it is not surprising that TIrr,g

(
pg
)
shows a single maximum at the grain critical doping (in

the 400 ◦C de-oxygenated sample), where also Hc2 is expected to be maximized [10]. On the contrary,
TIrr,GB, which reflects overall sample properties, is influenced by both grain and GB doping levels result-
ing in two maxima, one at the GB critical doping and the other where the grain doping is at pc.

The critical current density, being measured at lower temperature and field, lies in a regime of
strong superconductivity, considering that at 4.2 K HIrr is also expected to approach Hc2. The maxi-
mum Jc value, obtained in the 400 ◦C de-oxygenated sample with pg ∼ 0.19, is only marginally better
than that of the primary-heat-treated sample. This single Jc maximum aligns with our previous findings
that Jc (4.2 K) was affected by the intra-grain pinning properties. Unfortunately, because grain and GBs
reach their critical doping in different samples, the secondary HTs produce only a modest Jc

(
pg
)
plateau,

rather than a sharp peak. Previous study on Bi-2212 films revealed a sharp maximum at pc = 0.19, with
Jc dropping rapidly above pc but more gradually below it (with a secondary broad trend peaking at
p= 0.16) [19]. Interestingly, the ratio Jc (p= 0.19)/Jc (p= 0.16) is about 2.2 in these films, whereas in
our samples Jc

(
pg = 0.19

)
/Jc

(
pg = 0.16

)
is less than 1.3, indicating some GB limitations. This suggests

that if both grains and GBs could be simultaneously tuned to their critical doping levels, a significant
increase in Jc, potentially over 60%, could be achieved.

Although Jc is affected by the intra-grain pinning, the GBs inevitably play an important role due to
their involvement in the current percolation. Previous studies have shown that increasing filament bond-
ing negative impacts Jc, as a result of associated microstructural changes [13, 14, 16]. In fact, extensive
bonding degrades the Bi2212 texture, presumably leading to a broader biaxial grain orientation distri-
bution. However, other factors may in general contribute. For instance, it has not yet been investigated
whether the microchemical composition (other than oxygen content) is altered at GBs by varying heat-
treatment parameters, and whether such changes might be significant enough to also affect the grain
composition, so affecting the overall connectivity. In the present study, this is not expected to be a major
factor, as the microstructure is predominantly established during the primary OPHT.

The pseudo-gap is a physical phenomenon of other HTSs, including REBCO. Although the nature
of the GBs differs significantly between REBCO and Bi-2212 conductors (REBCO counts on ab-plane
current percolation with low-angle GBs to avoid the exponential Ic decay beyond the critical angle in
[001]-tilted GBs [20], whereas Bi-2212 most likely relies on c-axis percolation through GBs closer to
[001]-twist configuration [21]), separate openings of the pseudo-gap may also occur in REBCO, poten-
tially generating differences in the grain and GB properties. Consequently, optimizing GB properties in
other HTS materials may further enhance their performance. This possibility warrants investigation, as it
could lead to improvements of the state-of-the-art conductors with positive effects for applications, like
magnets or cables.

5. Conclusion

The separate characterization of the grain and GB properties upon varying the doping, from the under-
doped to the over-doped states and across the critical doping, was done here for the first time in Bi-
2212 conductors. This work clearly demonstrated that the superconducting performance presents clear
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features in correspondence of doping previously identified as critical, making us infer that Bi-2212 con-
ductors are independently affected by the separate openings of the pseudo-gap in the grain and at GBs,
leading to non-trivial trends for the IL behaviour. In contrast, the low-temperature Jc, which is more
strongly influenced by intra-grain vortex pinning and less by the GB irreversibility field, exhibits a single
broad maximum with changing doping, but less pronounced than the strong Jc peak observed in thin
films [19]. It seems that attaining the ultimate performance of Bi-2212 wires would require separate tun-
ing of the grains and GBs to their individual critical doping levels, which is, almost certainly, challeng-
ing. In fact, it would require designing HTs capable of setting grains and GBs to different doping levels.
Because oxygen diffuses more readily into the GBs than into the grains, low-temperature, high-oxygen-
pressure HTs could in principle modify GB doping more rapidly than grain doping. This could be pur-
sued either by additional heat-treatment steps after the primary HT or by changing the final stages of
the primary HT. However, the primary HT is already rather complex [14]. Moreover, while such tailored
treatments might enhance the performance of state-of-the-art Bi-2212 wires in short lengths, achiev-
ing this level of doping control at magnet scales would be extremely difficult, suggesting that alternative
approaches may ultimately be more beneficial. Other high-temperature superconductors might present
a different situation. Although they also could suffer from GB limitations due to the different doping
level and possible separate opening of the pseudo-gap with respect to the grains, they may be easier to
process. These results clearly underscore the complexity of these fascinating materials.
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