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Abstract.The superconducting transport properties (I–V, I
c
–B and I

c
–T) were correlated with a systematic

characterization of the grain boundary microstructure, via TEM observation and local chemical analysis in
STEM by EDX on YBa

2
Cu

3-x
O

y
 (D samples), YBa

2
Cu

3-x
O

y
/Ag

x
 (S samples) and DyBa

2
Cu

3-x
O

y
/1wt% Pt

(0≤x≤0.4) ceramics. It was shown that in all samples studied the critical current I
c
 is controlled by weak

links at grain boundaries. The measurements of I
c
(T) indicated that in copper-deficient yttrium ceramics,

Ag-doping leads to change of weak link character from superconductor-insulator-superconductor (SIS) to
superconductor-normal metal-superconductor (SNS) type. This SNS behaviour seems to be a result of
percolation path of supercurrent through clean boundaries with extremely narrow range (≅1 nm) of Ag
segregation on them. Specific Ag precipitates of 2-5 nm size on or near clean boundaries were found in S
samples for x=0.4. This is most likely to be a reason for the improvement of I

c
 in these samples by a factor

of 3. In copper-deficient dysprosium ceramics doped with Pt, Pt-doping leads to a substantial increase in I
c

and pronounced ‘fish-tail’ effect in magnetic field at T≤77 K in non-stoichiometric composition with x=0.2.
Better behaviour of I

c
 in magnetic fields in these samples may be associated with the substantial increase in

the proportion of clean boundaries and decrease in twin spacing.
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1. INTRODUCTION

In the high-T
c
 granular superconductors, transport

properties are mainly controlled by the grain boundary
microstructure unlike T

c
 which is determined by the

crystal structure and oxygen content. Depending on
crystallography and structure of boundaries, they can
be favourable for the passage of supercurrent or can be
weak links (reduced I

c
 regions) in the superconducting

current path of a ceramic sample. Recently many stud-
ies have been directed at investigating the dissipation
at a separate boundary of different type [1]. Although
studies of separate boundary behaviour highly
contribute to understanding transport in superconduct-
ing polycrystalline materials, they are rather idealistic
models of true polycrystalline materials which contain
many boundaries of different types, in parallel and se-
ries, simultaneously. So, along with the study of a sepa-
rate boundary, it is also very important to investigate
the relation between transport properties and grain
boundary behaviour as a network of boundaries.

The main aim of this work was to find possible
correlation between microstructure features and super-
conducting transport properties. One way for changing
intergrain critical current density of polycrystalline
materials is doping with different elements. Small de-
viation from the stoichiometric composition can also
lead to a change in structure and distribution of bound-
aries in a ceramic sample.

So, in this work the superconducting transport prop-
erties (I–V, I

c
–B and I

c
–T) were correlated with a sys-

tematic characterization of the grain boundary micro-
structure, via TEM observation and local chemical
analysis in STEM by EDX. The following supercon-
ducting ceramics were studied.
1. YBa

2
Cu

3-x
O

y 
 (0≤x≤0.4) – Cu-deficient yttrium ce-

ramics (D samples); YBa
2
Cu

3-x
O

y
/Ag

x
 (0≤x≤0.4) ce-

ramics with silver incorporated in amounts equal
to the copper deficiency (S samples).

2.  DyBa2Cu3-xOy/1wt% Pt (0≤x≤0.4) – Cu-deficient
dysprosium ceramics doped with 1 wt% Pt.
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2. EXPERIMENTAL

The YBCO ceramic system was fabricated via the modi-
fied citrate gel process [2]. The sol-gel method allows
one to achieve highly homogeneous mixing of cations
on an atomic scale and produce high-quality powder.
Two types of YBCO samples were prepared. In samples
of the first type YBa

2
Cu

3-x
O

y
 (0≤x≤0.4) (D type) Cu-

deficient compositions were obtained. In samples of the
second type, YBa

2
Cu

3-x
O

y
/Ag

x
 (0≤x≤0.4) (substituted S

type), Ag was considered as a substituent for Cu.
The copper deficient ceramics, DyBa

2
Cu

3-x
O

y
, doped

by 1wt.% Pt, were prepared by the usual solid state
reaction. For comparison two compositions with x=0 and
x=0.2 of the copper deficient ceramics DyBa

2
Cu

3-x
O

y

without Pt were also fabricated using the same method.
The phase were characterised by powder X-ray dif-

fraction (XRD) using a Philips automated X-ray
diffractometer. Microstructure and chemical
compositions were analysed with a Jeol 2000 FX TEM
equipped with a Link EXL X-ray selective analyser
and with an SEM equipped with an EDAX X-ray se-
lective analyser.

The superconducting properties were studied by
measuring the resistivity-temperature (R–T) and
current-voltage (I–V) characteristics using the four-
probe technique. The critical current I

c
 was determined

at various temperatures using the 1 µV.mm-1 criterion,
with and without external magnetic field B. The exter-
nal magnetic field ranged from 0 to 75 G and was per-
pendicular to the transport current.

3. RESULTS AND DISCUSSION

3.1 COPPER DEFICIENT YTTRIUM SYSTEM

  WITH AND WITHOUT AG-DOPING

First we will consider 123-yttrium system with copper
deficiency with and without Ag-doping. According to
the data in the literature [3-5] distribution of Ag in
ceramics and its influence on J

c
 are subject to contra-

dictory conclusions and strongly depend on composition
of ceramics, processing technology and thermal treat-
ment. Our ceramic samples were prepared via the modi-
fied citrate gel process [2] which allows one to achieve
highly homogeneous mixing of cations on an atomic
scale and produce high-quality homogeneous ceram-
ics.

EDX analysis in TEM showed (Table 1) that the
Ag content (x) of YBCO grains was lower than the
nominal amount of Ag, in spite of the sol-gel method.
Ag mainly precipitated as small particles (1–2 µm)
homogeneously scattered throughout the sample.

Table 1. Average concentration of silver in the grains
measured by EDX in TEM and STEM for

YBa2Cu3-xOy/Agx for all doping levels.

Nominal Ag concentration x      Real Ag concentration

0.1       < limit of detection
0.2       ≤0.02
0.4       0.03

X-ray diffraction and SEM analysis showed that
all samples had an good orthorhombic structure. For
samples with x≥0.2, along with Ag phase (S samples)
several nonsuperconducting phases such as Y

2
BaCuO

5

(211), BaCuO
2
 (011) and CuO (D and S samples) were

registrated. The amount of these nonsuperconducting
phases (in D and S samples) and Ag-phase (S samples)
increased with increasing x. Second phases such as
BaCuO

2
 and CuO were mainly located at grain bound-

aries and triple junctions. These impurity phases were
about 1-3 µm in size, the mean distance between them
was comparable with respective grain size. The aver-
age grain size dramatically decreased with x (Fig. 1).
The nonsuperconducting phases and Ag precipitates
appear to stop grain growth during sintering resulting
in fine-grain microstructure for x≥0.2.

For all samples of both type (D and S) the critical
temperature was practically the same (T

c
=91-92 K),

but the transport properties were quite different. Fig. 2
shows the measured values of critical current density
J

c
 at 77 K versus x. For S samples, J

c
 increased only

slightly with increase in Ag content from x=0 to x=0.2,
whereas J

c
 increased more than threefold (from J

c
=50

A/cm2 for x=0 to J
c
=170 A/cm2) for x=0.4. For D

samples with x≥0.2, Jc is ≅ twice that obtained for the
stoichiometric composition.

It should be specially noted that in samples of both
type (D and S), the obtained I–V curves at 77 K exhib-
ited a power-low behaviour. I

c
 was strongly depressed

Fig. 1. Dependence of the average grain size of YBa2Cu3-xOy
(D) and YBa2Cu3-xOy/Agx (S) samples on x.



Correlation between Superconducting Transport Properties and Grain Boundary Microstructure in High-Tc Superconducting Ceramics 41

Fig. 2. Variation of the critical current with x for D and S
samples.

by low magnetic fields. Such behaviour is characteristic
of granular materials which can be described as a
collection of superconducting grains connected by weak
links [6].

Thus, in all samples I
c
 was controlled by grain

boundary weak links which were characterized from
I

c
(T) curves. It is known that for a Josephson tunnel

(SIS) junction the dependence of I
c
 on temperature

agrees with the equation I
c
=const (1-T/T

c

* ) for tempera-
ture close to the superconducting transition tempera-
ture T

c

*  of the intergrain junction [7]. For the SNS-
type proximity junctions, close to T

c

*  the I
c
(T) depen-

dence can be written in the form I
c
=const (1-T/T

c

* )2

[8]. To identify the character of weak links we tried to
find the dependence of I

c
 on temperature for T close to

the critical temperature T
c
 of a sample. The obtained

dependence of I
c 
 on (1-T/T

c
) were plotted on a

logarithmic scale in order to determine  the value of β
in the equation I

c
=const (1-T/T

c
)β (Fig. 3). As can be

seen, for D samples I
c
(T) corresponds to an SIS junc-

Fig. 3. Critical current versus (1-T/Tc) plotted for D and S
samples in a logarithmic scale to determine the value of b in
the equation Ic=const (1-T/Tc)

β. β=1 and β=2 cases are
shown by the dashed lines.

tion (β≈1). On the other hand, for S samples I
c
(T) agrees

with an SNS type junction (β≈2) for any x value.
In this work a systematic statistical study of grain

boundaries was made to correlate their distribution to
the observed change in J

c
 when x varied from 0 to 0.4.

So, 40–50 consecutive boundaries in each sample were
characterized by bright field tilting imaging in TEM.
The grain boundaries were distributed into 3 types.
‘Clean’ boundaries correspond to boundaries in which
no intergranular phase was detected in TEM bright
field. In contrast, ‘dirty’ boundaries exhibit an inter-
granular phase (thickness >2 nm). At last, ‘thin-film-
coated’ boundaries display a thin phase with a thick-
ness ≤2 nm. For clean boundaries, we paid attention
on peculiarities such as dislocations, small facets or
fine precipitates on them. One should take into account
the fact that clean boundaries are favourable for trans-
mitting the supercurrent only when the orientation
crystallographic relationships between adjacent grains
are suitable. Usually, no more than 50% of clean bound-
aries are considered as favourable. According to the
data in [9], the percolation threshold is about 12%.

The histogram in Fig. 4 shows the statistical study
results. In the D samples, the ratio of clean boundaries
was found to remain between 27 and 45%. The pro-
portion of clean boundaries decreased with x. The ob-
served increase in J

c
 with x in D samples can be ex-

plained by the increase in the proportion of the faceted
clean boundaries, which can act as pinning centres (Fig.
4). Ag doping resulted in a higher proportion of clean
boundaries for x≥0.2, but there were only few faceted
boundaries among them. For the composition with
x=0.4, which exhibited 3 times increase in J

c
,
 
a pecu-

liarity in the structure of clean boundaries was found,
namely, about half of the clean boundaries contained

Fig. 4. Histogram showing the distribution of clean, thin-
film-coated and dirty grain boundaries for a sample of the
stoichiometric composition (x=0), D and S samples. The
dashed lines show the fraction of faceted clean boundaries
among all clean boundaries.

clean

thin film

dirty
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small precipitates of 2–5 nm in size on the boundary
itself, or close to it (up to 5 nm). The average distance
between these precipitates was about 30 nm. An ex-
ample of such a ‘clean’ boundary with Ag precipitates
is presented in Fig. 5. These small Ag precipitates can
act as very efficient pinning centres resulting most likely
in the 3-fold increase in J

c
 in this composition.

To detect possible Ag segregation at clean grain
boundaries, EDX analysis in STEM with 1 nm probe
was used. The detected concentration of Ag on some
clean boundaries was twice higher than the obtained
solubility limit of Ag in the grains (x=0.03). This in-
creased Ag segregation on grain boundaries most prob-
ably leads to SNS behaviour of weak links in S samples
as result of a percolation path of supercurrent through
such ‘clean’ boundaries with an extremely narrow Ag
segregation (≅1 nm) on them.

3.2 Cu-DEFICIENT DYSPROSIUM CERAMICS
  DOPED WITH 1 wt.% Pt

The next system studied was Cu-deficient dysprosium
ceramics doped by Pt. Such a ceramic system was
chosen due to the following reason. As we saw above,
the deviation from stoichiometry leads to the forma-
tion of secondary phases in sintered ceramics. Accord-
ing to the literature data [10, 11], in melt-textured ce-
ramics the addition of Pt can result in decrease in size
of 211 secondary phase inclusions, improving thereby
their pinning possibility and, then the critical current.
In our work, for Cu-deficient dysprosium sitered ce-
ramics doped with Pt, we tried again to identify micro-
structural elements, which can be responsible for the
differences in superconducting properties.

In all compositions, Pt-doping resulted in the nucle-
ation of intragranular secondary phases of submicron

Fig. 5. Micrograph of a �clean� boundary with Ag precipitates
(shown by arrows) in TEM for an S sample (x=0.4).

size, which contain Pt and were homogeneously dis-
tributed into 123 grains. In addition, in the non-sto-
ichiometric composition, Pt was also located in in-
tergranular BaCuO

2
 secondary phases. Unlike the melt-

textured 123 ceramics [10, 11], no influence of Pt on
size and distribution of 211 secondary phase was found.
Traces of Pt in the 123 grains were detected in all
compositions doped by Pt. Distribution of Pt in the
matrix was inhomogeneous. The maximum content of
Pt in a grain was 0.06 molar content.

Fig. 6 displays the dependence of critical current
density J

c
 on applied magnetic field. As seen, at zero-

magnetic field doping with platinum practically does
not change J

c
 in stoichiometric composition, but leads

to its substantial increase for non-stoichiometric
composition with x=0.2. The stoichiometric compo-
sitions exhibit a sharp drop of J

c
 values even in very

low magnetic field. Non-stoichiometric compositions
show a much smoother decrease in J

c
 with magnetic

field. Doping with Pt strongly contributed to the so-
called ‘fish-tail’ effect which means stabilization of J

c

in magnetic field. For this composition this ‘fish-tail’
behaviour became more pronounced when the tempera-
ture was decreased (Fig. 7). So, the copper-deficient
samples, especially the one doped with Pt seem to have
better possibilities for pinning magnetic vortices in
applied magnetic fields.

Similar to the system with Ag, for these ceramics
with Pt we also tried to identify the character of the
intergranular junction network from I

c
 versus tempera-

ture dependence (Fig. 8). Grain boundary network was
found to behave predominantly as SIS junctions, even
in Pt-doped samples so that Pt seems not to segregate
in sufficient amount, at least, at grain boundaries.
Within the accuracy of our EDX analysis we did not
reveal higher concentration of Pt in boundaries
compared with grains.

Fig. 6. Critical current density at 77 K versus applied magnetic
field for DyBa2Cu3-xOy/1wt.%Pt and DyBa2Cu3-xOy samples.
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Fig. 7. Critical current density at 77 K versus applied magnetic
field for DyBa2Cu2.8Oy/1wt.%Pt at different temperatures.

Fig. 8. Critical current versus 1-T/Tc plotted on logarithmic
scale to determine the value β in the equation Ic=const (1-T/
Tc)

β for DyBa2Cu3-xOy/1wt.%Pt and DyBa2Cu3-xOy samples.
The above superconducting properties were

correlated with the microstructural features of the stud-
ied samples. In all compositions the 123 matrix exhib-
its well crystallized and well twinned grains, but with
different twin density. It is known that twin bound-
aries in the 123 materials may act as flux pinning cen-
tres [12, 13]. In granular ceramics, where critical
current is limited by weak links at grain boundaries, it
is reasonable to consider twins near the boundaries.
The higher the twin density the more efficient the pin-
ning of vortices along the boundary. We compared the
twin density in our compositions. As seen in the Table
2, in non-stoichiometric composition, the average spac-
ing d between twins is twice smaller than in the sto-
ichiometric one. In addition, in non-stoichiometric
composition doped with Pt we locally observed very
fine twins with d=20 nm, whereas in such composition
only without Pt such a high density of twins was not
found, at all. The presence of these highly dense twins
can be caused by partial substitution of Cu by Pt in
grains. A decrease of twin spacing due to Pt doping
was observed in melt-textured 123 ceramics in [13, 14].
The higher density of twin boundaries in the vicinity
of grain boundaries can improve the pinning proper-
ties under magnetic field. The highest local density of
twins was observed in the composition, which exhib-
ited the best ‘fish-tail’ effect in magnetic field.

Table 2. The spacing between twins in DyBaCuO(Pt) samples.

DyBa
2
Cu

3
O

y 
/1wt.%Pt DyBa

2
Cu

2.8
O

y 
/1wt.%Pt DyBa

2
Cu

2.8
O

y

Average twin spacing d 110 nm 50 nm (fine twins with 60 nm
d≈20 nm locally observed)

We also performed comparative statistical study of
grain boundaries, Table 3. It was found that in non-
stoichiometric composition, unlike the stoichiometric
one, grain boundaries are mostly clean or thin-film-
coated. Doping with Pt resulted in a higher proportion
of clean boundaries. Such statistical results can explain
the sharp drop of I

c
 under very low magnetic fields

(≤10 G) in DyBa
2
Cu

3
O

y
/1wt.%Pt samples. As already

noted above, no more than a half of clean boundaries
can be considered as favourable [9]. So the supercur-
rent is likely to pass through a few thin-film-coated
GBs resulting in the sharp drop in I

c
 in low magnetic

fields. The non-stoichiometric compositions with x=0.2
have enough clean boundaries to provide the percola-
tion path for supercurrent. A possibility for
redistribution of the supercurrent through clean bound-
aries in a magnetic field and high dense twins locally
observed can be reasons for better I

c
 behaviour in a

magnetic field in non-stoichiometric composition doped
with Pt.

CONCLUSION

(i)  In all considered ceramic systems the critical current
I

c
 is controlled by weak links at grain boundaries.
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(ii) In Cu-deficient yttrium ceramics doped with Ag in
amount equal the deficiency, Ag doping leads to
change of type of the weak links from SIS to SNS-
type. Such SNS behaviour is a result of percolation
path of supercurrent through clean boundaries with
extremely narrow (1nm) Ag-segregation on them.
For x=0.4, decoration of clean boundaries by very
fine Ag-precipitates (2–5 nm) is the most likely
reason for 3 fold increase of critical current.

(iii) In non-stoichiometric composition with x=0.2, Pt-
doping leads to pronounced increase in I

c
 and fish-

tail effect in magnetic field. This may be associ-
ated with the substantial increase in proportion of
clean boundaries and highly dense twins locally
observed (due to Pt segregation in 123 grains). No
noticeable segregation of Pt in grain boundaries was
revealed.
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