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Abstract
We report an investigation of structure by x-ray diffraction, microstructure
by atomic force microscopy (AFM) and broadening of resistive transitions
in high dc magnetic fields (0–20 kOe) in Er1−yCayBa2Cu3−x(Fe, Zn)xO7−δ

(y = 0.1, 0.2; and 0 � x � 0.20) ceramic superconductors. The XRD
shows that the presence of Ca does not alter the known effect of Fe/Zn
substitution on the structure of the pure (y = 0) system. Substitution of both
Fe and Zn leads to a decrease in the grain size and micro-hardness.
Interesting results were obtained on the influence of various dopants on the
broadening of resistive transitions in dc magnetic fields, in general: (1) an
increase in Ca content suppresses it; (2) Zn substitution has no effect; and
(3) Fe substitution enhances it. We show that these results can be interpreted
in terms of a thermally activated flux motion (TAFM), and the effect of
various dopants on the properties like pinning barrier and anisotropy.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Disorder in high-temperature superconductors (HTSCs),
produced by naturally occurring defects (such as twin
boundaries, growth defects, normal precipitates and grain
boundaries) or produced artificially (for example point and
line defects) by irradiation of energetic light and heavy
particles, are known to contribute to the flux line lattice (FLL)
dynamics [1, 2]. Cationic substitutions may also give rise to
disorder and/or change in the electronic structure. Both these
effects, besides their influence on superconducting critical
temperatures [3–5], may play an equally important role in
determining the critical current density or, generally, the FLL
dynamics in HTSCs [6–8]. Recently [9], Ca-doped Y-123
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systems have been shown to be of particular interest for such
investigations. In the present work we report the effect of
Fe/Zn (at Cu-sites) substitutions in Ca-doped (at an RE site,
RE ≡ Rare Earth) REBa2Cu3O7−δ (i.e. RE-123) system on
structure, grain size, micro-hardness and FLL dynamics. We
show that these substitutions have a tangible presence in all
such properties.

2. Experimental details

A series of compounds having the composition Er1−yCayBa2-
Cu3−x(Fe, Zn)xO7−δ (i.e. Er(Ca)-123) where y = 0.1, 0.2 and
x = 0, 0.05, 0.10, 0.15, 0.20 were prepared by the solid state
route under identical conditions. Stoichiometric quantities of
finely powdered Er2O3, BaCO3, CuO and Fe2O3 (ZnO) of high
purity (99.99%) were mixed and ground in a mortar and pestle
manually for about 30 min until a roughly homogenous mixture
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Figure 1. X-ray diffraction patterns of Er1−yCayBa2Cu3−x(Fe, Zn)xO7−δ samples: (a) y = 0.1, x = 0; (b) y = 0.2, x = 0; (c) y = 0.1,
x = 0.2 (Zn); and (d) y = 0.1, x = 0.2 (Fe).

was formed. The mixture is then placed in alumina boats and
calcined in air at 870 ◦C for 24 h. Next this reacted power
is reground and reheated at 880 ◦C for a further 24 h. The
resulting powder is finally reground and reheated to 890 ◦C for
another 24 h. The black powder obtained is pulverized and
cold-pressed into pellets which are sintered at 940 ◦C for 24 h
in an oxygen atmosphere followed by slow cooling to room
temperature. To obtain oxygenated samples, these pellets were
annealed under an oxygen flow at 500 ◦C for 24 h in the last
run.

All the samples were characterized for their phase
purity by x-ray diffraction (XRD) using Co radiation with
λ = 1.788 92 Å. An atomic force microscope (AFM)
(Nanoscope II), operating at ambient temperature in non-
contact mode, was employed to study the changes in the
microstructure due to Fe/Zn doping in the series of samples
with y = 0.2. The series of samples with y = 0.1 were used
to study the effect of Fe/Zn doping on hardness, which was
measured by a micro-hardness system based on the Vickers
hardness scale. Four probe resistance R(T , B) measurements
of all samples were performed in dc magnetic fields ranging
from B = 0–20 kOe and a temperature range of T = 10–
100 K. Parallelpiped-shaped samples, typically of length = 7–
9 mm, width = 2–4 mm and thickness = 1–2 mm, were
used for the R(T , B) measurements. The current density was
kept less than 10 mA cm−2 and the current direction was
perpendicular to B.

3. Results and discussion

3.1. XRD

All the samples were found to be single phase. The XRD
patterns for a few selected samples are reproduced in figure 1.
In all cases, the XRD peaks could be well identified with the
expected pattern of the known orthorhombic/tetragonal pure
RE-123 system [3, 4]. With Ca substitution in the Er(Ca)-123
system the orthorhombicity is retained. This can be clearly

deduced from the observed splitting and relative intensity of
the (020, 200) and (123, 213) reflections occurring at 55◦

and 69◦ (see figure 1 (patterns a and b)), respectively [10].
With the substitution of Zn (for x = 0.2, see figure 1,
pattern c) no change is observed in the orthorhombicity,
whereas substitution of Fe, for x � 0.1, leads to a structural
transformation from orthorhombic to tetragonal. A reversal
of the relative intensity in the doublets occurring at 55◦ and
69◦ in figure 1, pattern d, as compared to other patterns in the
same figure, reveals [10] such a transformation in the x = 0.2
Fe-doped sample. These results corroborate well with those
reported previously on Zn/Fe substitution in a pure (y = 0)

Ca-free R-123 system [3, 4]. Thus, the presence of Ca in the
Er-123 system does not alter the effect of Fe or Zn substitution
on its structure.

3.2. Grain size and micro-hardness

The AFM photographs of five different samples of the
series y = 0.2 with varying Fe/Zn content are shown in
figures 2(a)–(e). With increasing Fe/Zn content in Er(Ca)-123
a decrease in grain size is observed. The decrease is much more
prominent in the case of Fe, where the grain size decreases from
an average of 0.3 µm to 0.03 µm for an increase in Fe content
from x = 0 to 0.2, respectively. In the case of Zn, for the
same increase in content, the decrease is from an average of
0.3–0.1 µm. These results reflect the different growth kinetics
of Er-123 ceramics in the presence of Fe or Zn.

The dependence of micro-hardness on Fe/Zn substitution
in samples of y = 0.1 series is shown in figure 3. As seen
from the figure the micro-hardness decreases with an increase
in both Fe and Zn content in the Er(Ca)-123 system. These
results suggest that Fe/Zn substitution changes the material
strength. If the material had remained the same, with only the
grain size as the influencing parameter, the micro-hardness
should, in fact, have increased in both cases, which is not
observed.
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(a)

(b) (c)

(d) (e)

Figure 2. AFM photographs of Er0.8Ca0.2Ba2Cu3−x(Fe, Zn)xO7−δ samples: (a) x = 0; (b) x = 0.1 (Fe); (c) x = 0.2 (Fe); (d) x = 0.05 (Zn);
and (e) x = 0.2 (Zn).

3.3. Resistive transitions in magnetic field

Figure 4 shows the resistance as a function of temperature in the
presence of different applied dc magnetic fields ranging from

0–20 kOe. Four different samples with different Ca and/or

Fe/Zn content are depicted in figures 4(a)–(d). At B = 0 we

note that, for Fe/Zn-free (x = 0) samples, Ca substitution
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Figure 3. Micro-hardness as a function of Fe/Zn content in
Er0.9Ca0.1Ba2Cu3−x(Fe, Zn)xO7−δ .

suppresses the Tc(R = 0) from ∼77 K (for y = 0.1) to
∼65 K (for y = 0.2). The observed decrease in Tc with
increasing Ca content in the Er-123 system is similar to that
reported earlier [9, 20]. In the presence of a magnetic field
the resistive transition temperature (T ∗(B), defined as the
temperature where R ≈ 0), for the (y = 0.1, x = 0) sample,
shifts to a lower temperature by ∼12 K (see figure 4(a)) when
B increases from 0 to 20 kOe. However, in the case of the
(y = 0.2, x = 0) sample, for a similar change in the field
the shift T ∗(R ≈ 0) is only ∼8 K (see figure 4(b)). The
broadening of the resistive transition in dc magnetic fields has
been attributed to thermally activated flux motion (TAFM);
R(T ) may be given by R ∝ exp(−Ub/kT ), where Ub is related
to the pinning barrier [11, 12]. The results in figures 4(a) and
(b) may thus demonstrate that with increasing Ca substitution
the pinning barrier increases, which results in a suppression of
TAFM in the Er(Ca)-123 system.

Now we discuss the R(T ) curves for the Fe/Zn-substituted
Er(Ca)-123 system, see figures 4(c) and (d). In the presence
of Ca, the Zn substitution suppresses Tc from ∼77 K (y =
0.1, x = 0) to ∼44 K (y = 0.1, x = 0.15), whereas, in
contrast, the substitution of Fe does not affect the Tc severely,
which changes from ∼77 K (y = 0.1, x = 0) to ∼73 K
(y = 0.1, x = 0.15). We will not go into the details of
the zero-field results, which will be presented elsewhere as a
separate communication. However, as seen from figures 4(c)
and 4(d), in the presence of magnetic field the Fe-substituted
samples show considerable TAFM compared to that for Zn
samples. For a more comprehensive and quantitative view,
we plot the shift in T ∗(B), i.e. T ∗(B = 0) − T ∗(B = 2)

as a function of Fe/Zn content for both the y = 0.1 and
0.2 series in figure 5. Several interesting observations can
be made from this figure. First, for both these series of
samples and for any value of x, the shift in T ∗ is larger in the
case of the Fe-substituted samples than in the Zn-substituted
samples. Second, for both series of samples, the shift in T ∗

rises monotonically with increasing Fe content, whereas, for
Zn the shift in T ∗ is nearly unaffected by a change in Zn
content. These results clearly indicate that substitution of Fe
enhances TAFM in Er(Ca)-123. In contrast Zn substitution has
no effect on TAFM in Er(Ca)-123. The origin of this could be

that, in the former case, substitution (Fe) at the Cu(1) site in
Cu–O chains makes the Er(Ca)-123 system more anisotropic,
whereas substitution (Zn) at the Cu(2) site in the CuO2 planes
does not affect the anisotropy. A similar conclusion was
reached in [13], where Fe substitution was shown to reduce
the coupling between the CuO2 planes in an RE-123 system.
Also note that TAFM is more prominent in the Bi2Sr2CaCu2O8

system than in RE-123 for similar reasons [11, 12].
It is also interesting to note that no direct correlation is

observed between the Tc and TAFM broadening of resistivity
in all the four samples, derived from the same host compound
Er-123, depicted in figure 4. Although the Zn-substituted
sample (y = 0.1, x = 0.15) has the lowest Tc (∼44 K),
it still shows a TAFM broadening similar to the Zn-free
sample (x = 0, y = 0.1) with the highest Tc (∼77 K)
(see figures 4(a) and (c)), whereas the Fe-substituted sample
(y = 0.1, x = 0.15), which has a comparable Tc (∼74 K)
to the latter sample, shows a larger TAFM broadening (see
figures 4(a) and (d)). A similar conclusion can be drawn for
the Zn/Fe-free (x = 0) Ca-substituted samples with y = 0.1
and 0.2 discussed earlier. These results reveal that properties
such as anisotropy, disorder and electronic structure can be
more dominant, compared to Tc alone, in determining the FLL
dynamics of an HTSC material.

Finally, note the presence of hump-like structures in all the
R(T )presented in figure 4. This structure was found to be more
prominent in the series of samples with y = 0.1 (figure 4(a))
than in the series with y = 0.2 (figure 4(b)). The observed
hump in the presence of a magnetic field may not be necessarily
related to its presence when B = 0 (see, e.g., figure 4(a)).
This is demonstrated by the Fe-substituted sample, where the
hump is missing when B = 0 and appears only in the presence
of a magnetic field (see figure 4(d)). Similar humps in melt-
processed NdEuGd-123 have been attributed to site-dependent
disorder and pinning effects in [14]. The pinning generated by
the disorder due to Ca and/or Fe/Zn substitution in the Er-123
system can thus be a possible reason for the observed R(T )

humps in a magnetic field.

3.4. Possible effects of the ceramic nature of the samples

The samples studied in this work were prepared by the
standard solid-state reaction and sintering route that is well
known to result in a ceramic-like HTSC material. In the
discussion so far we have not taken into account the inter-
granular microstructure of the samples and the possible effects
of the same on the various results obtained in the present
work. The possible factors that could have affected the
results extrinsically can broadly be sample density, texturing,
segregation of the dopants at grain boundaries, inhomogeneity
and weak links. Before we discuss them, we mention that
the chosen range of concentrations for various dopants in the
present work, i.e. 0 � x � 0.2 and 0 � y � 0.2 for
Er1−yCayBa2Cu3−x(Fe, Zn)xO7−δ , is well within the solubility
regimes reported for them [3, 4, 15–21].

First, the measured densities of the samples show no
systematic change with either x or y in either Fe and Zn.
For all the samples the density varies randomly between
5.5–6.1 g cm−3. Thus none of the studied properties can be
directly linked with the sample density. For instance, the
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Figure 4. Resistance as a function of temperature in the presence of applied magnetic field for Er1−yCayBa2Cu3−x(Fe, Zn)xO7−δ samples:
(a) y = 0.1, x = 0; (b) y = 0.2, x = 0; (c) y = 0.1, x = 0.15 (Zn); and (d) y = 0.1, x = 0.15 (Fe).

behaviour of the density is inconsistent with the change in room
temperature resistivity (ρRT ) as a function of both x and y for
both Fe and Zn as depicted in figure 6. The observed systematic
change inρRT withx supports the previous [18, 19, 21] findings
that even in polycrystalline HTSC samples ρRT depends on
several intrinsic parameters such as disorder and change in
electronic structure due to dopant addition. Another interesting
property is the measured decrease in micro-hardness with
increasing Fe and Zn content in Er(Ca)-123 (see figure 3). For
both series of (ceramic) samples the micro-hardness results
may apparently reflect a decrease in density, which is not true.
This definitely suggests that Fe/Zn substitution changes the
material and, in particular, the intra-granular shear modulus,
which determines the plastic deformation of the grains in the
samples. The net effect may be that the hardness goes down.
It is worth pointing out that the copper–oxygen networks in
the present crystal structure are very densely packed planes of
the unit cell and consequently the shear modulus is expected

to change significantly when they are doped with Zn or Fe, as
in the present case.

Second, with a change in x and y, we did not observe any
anomalous enhancement of the 00l peaks in the XRD patterns,
that rules out the possibility of texturing with increased dopant
addition. Third, when the dopants had segregated at the
grain boundaries in all the samples, the Tc(x, y) should not
have shown the expected [3, 4, 15–20] change. Fourth, within
the limits of XRD, typically 3%, no reflections pertaining to
impurities are observed in any of the samples. However, for
B = 0, the fact that the superconducting transition to R = 0 in
all samples is broad (see figure 4) does indicate the presence
of inhomogeneity and/or weak links at the grain boundaries.

The main issue in the present paper is the broadening of
the transition in the presence of a high dc magnetic field, and a
comparison of the same in samples with various dopants. We
now illustrate that the presence of inhomogeneity and/or weak
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Figure 5. Shift in T ∗ as a function of Ca, Fe and Zn content in
Er1−yCayBa2Cu3−x(Fe, Zn)xO7−δ .

Figure 6. Resistivity (at 300 K) as a function of Fe/Zn content in
Er1−yCayBa2Cu3−x(Fe, Zn)xO7−δ with y = 0.1 and 0.2.

links does not actually alter the interpretation of the high dc
field R(T , B) data of our samples in terms of TAFM.

(1) Note that for B = 0 in the Zn-based sample (y = 0.1, x =
0.15) the transition width ∼7 K (see figure 4(c)) is higher
than that observed (∼4 K, see figure 4(d)) for the Fe-based
sample (y = 0.1, x = 0.15), whereas in the presence of
a field, e.g. for B = 20 kOe, the former shows a much
smaller (∼10 K, see figure 4(c)) transition broadening than
that observed (∼28 K, see figure 4(d)) in the latter. This
itself reveals that TAFM dominates over any other factor
(inhomogeneity/weak links) in determining the broaden-
ing of the resistive transition in high magnetic fields.

(2) The resistive transitions in superconducting ceramics at
typically small currents are known to result in the actual
Tc of well-connected grains [22]. Note that typical weak-
link Jc values reported for RE-123 ceramics are around
200 A cm−2 for B = 0 to 300 Oe at 77 K [23]. Use of very
small current densities (10 mA cm−2) in the present work
ensures that Tc(R = 0) is measured in the zero current
limit. The current density was changed by a factor of five

in some of our samples (chosen randomly) and no appre-
ciable change (within ±1 K) was observed in Tc(R = 0).

(3) In high dc fields, i.e. B > 300–3000 Oe [22, 23], the
weak links are quenched and the measured properties
such as Jc and flux motion are representative of well-
connected/intra-grain behaviour.

In the light of these facts, we feel that the present analysis of
various dopants with respect to the host samples is justified as
far as TAFM is concerned.

4. Conclusions

In the present work we have reported the effect of Fe/Zn
substitution in the Er(Ca)-123 system on various properties
such as grain size, hardness and the FLL dynamics. XRD
showed that the presence of Ca in Er-123 system does not alter
the effect of Fe or Zn substitution which was already known in
the case of the pure Er-123 system. The grain size was found to
decrease with increase in both Fe and Zn; however, the effect
was more dominant in the former case. The micro-hardness
that was found to decrease with both Fe and Zn substitution
cannot be understood by the change in the grain size alone, and
may indicate a change in the shear modulus of the respective
material. Several conclusions were reached by the observed
TAFM broadening of resistive transitions:

(1) an increase in the Ca content in the Er(Ca)-123 system
leads to an increase in pinning barrier;

(2) substitution of Fe (at the Cu(1)-site in Cu–O chains) leads
to an enhancement of TAFM compared to Zn substitution
(at the Cu(2)-site in CuO2 planes) that has no effect on
TAFM; and

(3) the effect of various substitutions on the parameters
such as anisotropy, disorder and electronic structure can
be more dominant, compared to the change in Tc, in
determining the FLL dynamics.
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