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bstract

The superconducting properties of Cu0.5(Tl0.5−yHgy)Ba2Ca3Cu4O12−δ compound have been studied by resistivity and AC magnetic susceptibility
easurements. Mercury substitution has been found to improve the interlayer coupling in the unit cell of Cu0.5(Tl0.5−yHgy)Ba2Ca3Cu4O12−δ

uperconductor which is witnessed from the enhancement of superconducting properties like zero resistivity critical temperature, critical current

ensity and flux pinning. The AC susceptibility measurements under different DC magnetic fields show that Cu0.5(Tl0.25Hg0.25)-1234 has superior
ux pinning characteristics as compared to Cu1−xTlx-1234 which make them useful for applications in external magnetic fields.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The oxide superconductors in spite of their high critical tem-
erature (Tc) suffer two main problems which limit their use in
pplications. One is their anisotropic nature and secondly, they
re prepared in granular form for large-scale production [1–8].
he main source of anisotropy γ = ξab/ξc (ξab, coherence length
arallel to CuO2 planes; ξc, coherence length normal to CuO2
lanes) in these materials is the charge reservoir block which
eparates conducting CuO2 planes along c direction [9–11]. The
ransport of superconductor carriers along c-axis is found to
epend largely on the nature and thickness of the charge reservoir
ayer. More insulating and thick charge reservoir layer acts as a
otential barrier against the conduction of carriers in the direc-
ion normal to CuO2 planes. The mean free path ‘l’ of the carriers
long c-axis decreases when they tunnel through this barrier
hat in turns increases the rate of collision between the carriers
12,13]. The wavefunction associated with the superconductor

arriers are unsymmetrical and generate anharmonic processes
hat in turn degrades the superconducting properties like criti-
al current density (Jc), flux pinning and critical field (Hc) [14].
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n the other hand, the transport Jct (intergrain critical current
ensity) depends on the connectivity of the grains, weakly cou-
led grains lowers the transport critical current density of these
aterials.
In the homologous series of CuBa2Can−1CunO2n+2+δ, the

uBa2Ca3Cu4O12−δ (Cu-1234) superconductor is most promis-
ng due to its lower anisotropy (γ = 1.6) and high critical
emperature Tc [15]. However, the normal pressure synthesis
f this compound is not yet possible but the inclusion of thal-
ium in the charge reservoir layer produces a new compound
u1−xTlxBa2Ca3Cu4O12−δ (Cu1−xTlx-1234) which is a close
erivative of Cu-1234 superconductor but its anisotropy is higher
han that of Cu-1234 [16,17]. In the present studies, we have sub-
tituted Hg at Tl site in the charge reservoir layer and studied
ts effect on the superconducting properties of Cu1−xTlx-1234.

ercury has smaller ionic radius (∼1.10 Å) as compared to thal-
ium (∼1.40 Å). Hg due to its smaller ionic radius will reduce the
hickness of the charge reservoir layer. The decrease in the thick-
ess of the charge reservoir layer Cu1−x(Tlx−yHgy)Ba2O4−δ

ncreases ξc of carriers and hence anisotropy of the final com-
ound is decreased. The lowering of anisotropy will enhance the

uperconducting properties.

We also carried out post-annealing of Cu1−x(Tlx−yHgy)-1234
amples in oxygen atmosphere. Oxygen due to its very high elec-
ronegativity (3.5 Pauling’s) controls the carrier concentration in
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[7,21–23]. The suppression of superconductivity within the
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uO2 planes of high Tc superconductors. The post-annealing
n oxygen will possibly have two effects: (1) its doping to
u1−x(Tlx−yHgy)Ba2O4−δ charge reservoir layer makes it more
onducting and also increases carrier concentration in CuO2
lanes and (2) the diffusion of excess oxygen to grain boundaries
ncreases the intergranular coupling [18–20].

. Experimental

The Cu0.5Tl0.5−yHgy−1234 (y = 0, 0.15, 0.25, 0.35) samples were prepared
y solid state reaction method using Ba(NO3)2, Ca(NO3)2 and Cu(CN) as start-
ng compounds. These compounds were mixed in appropriate ratios for about
n hour in a quartz mortar and pestle and fired in a quartz boat at 860 ◦C for 24 h.
he fired Cu0.5Ba2Ca3Cu4O12-δ material was thoroughly mixed with Tl2O3 and
gO to give Cu0.5Tl0.5−yHgyBa2Ca3Cu4O12−δ (y = 0, 0.15, 0.25, 0.35), as final

eactants composition. Thallium and mercury mixed material was pelletized
nder 3.5 tonns/cm2 pressure and enclosed in a gold capsule. The gold encap-
ulated pellets were sintered for 10 min at 860 ◦C followed by quenching to
oom temperature after the heat treatment. The superconducting phase identifi-
ation was done by X-ray diffraction (XRD) measurements. The resistivity of
he samples was measured by four-probe method and the bulk superconductiv-
ty by AC susceptibility measurements at a Lock-in frequency of 270 Hz. For
nfield AC susceptibility measurements, DC magnetic fields HDC = 13, 26, 41,
4 and 67 Oe were applied. The post-annealing of the samples was carried out
n oxygen atmosphere in a tubular furnace at 550 ◦C for 6 h.

. Results and discussion

Fig. 1 shows the X-ray diffraction pattern of Cu0.5(Tl0.25
g0.25)-1234 superconductor. All of the diffraction lines are

ndexed according to tetragonal structure following space group
4/mmm with few unknown impurity peaks. The calculated
-axis parameters using these (h k l) is 17.529 Å smaller than
hat of Cu1−xTlx-1234 superconductor [17], which shows that
g substitution in Cu0.5(Tl0.25Hg0.25)Ba2O4−δ charge reservoir

ayer has decreased its thickness. The resistivity measurements
f Cu0.5(Tl0.5−yHgy)-1234 (y = 0, 0.15, 0.25, 0.35) samples

re shown in Fig. 2. The zero resistivity critical temperature,
c(R = 0) = 105 K in the sample without Hg is increased to
08 and 113 K in samples with y = 0.15 and 0.25 but further
ncrease of Hg (y = 0.35) decreases Tc(R = 0) to 103 K. The

Fig. 1. X-ray diffraction pattern of Cu0.5(Tl0.25Hg0.25)-1234 superconductor.
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ig. 2. Resistivity measurements vs. temperature of Cu0.5(Tl0.5−yHgy)-1234
y = 0, 0.15, 0.25, 0.35) superconductor.

ariation of Tc(R = 0) with Hg content is plotted in Fig. 3.
he mercury content, y = 0.25 at which maximum zero resistiv-

ty critical temperature is achieved can be regarded as critical
oping level above which the Tc(R = 0) starts decreasing in
u0.5(Tl0.5−yHgy)-1234 superconductor. The decrease in the
ritical temperature is possibly due to the lowering of carrier
oncentration in CuO2 planes from optimum (0.2/CuO2 plane).

The AC susceptibility measurements of Cu0.5(Tl0.5−yHgy)-
234 (y = 0, 0.15, 0.25, 0.35) samples are shown in Fig. 4.
C susceptibility technique is very important for the study of

uperconductivity in granular samples. The real part of suscep-
ibility (shielding effect) ‘χ′’ gives the bulk susceptibility due
o superconductivity within the grains or intergranular regions
rains decreases the magnitude of χ′. On the other hand, the
maginary part ‘χ′′’ of AC susceptibility is due to AC losses

ig. 3. Variation in Tc(R = 0) vs. Hg content of Cu0.5(Tl0.5−yHgy)-1234 (y = 0,
.15, 0.25, 0.35) superconductor.
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ig. 4. AC-susceptibility measurements vs. temperature of Cu0.5(Tl0.5−yHgy)-
234 (y = 0, 0.15, 0.25, 0.35) superconductor.

orresponding to the flux penetration into the grains bound-
ries. This part of AC susceptibility provides information about
he flux pinning and the nature of weak links between the
rains [20,21]. It is observed from these measurements on
u0.5(Tl0.5−yHgy)-1234 samples that there is an increase in
ritical temperature and the magnitude of diamagnetic signal
ith the increase of Hg concentration up to y = 0.25. These
easurements indicate that the substitution of Hg increases the

uperconducting volume fraction of these samples. On the other
and, a very sharp χ′′ peak is observed in the sample with
= 0.25 which suggest strong intergrain coupling, flux pinning
nd higher Jct in this sample.

The I–V characteristics of Cu0.5(Tl0.5−yHgy)-1234 (y = 0,

.15, 0.25, 0.35) samples are shown in Fig. 5. The critical cur-
ent is increased by three times in the sample with y = 0.25. It
s observed from above mentioned results that the sample with

ig. 5. I–V characteristics of Cu0.5(Tl0.5−yHgy)-1234 (y = 0, 0.25) superconduc-
ors (H = 0 G, T = 77 K).
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ig. 6. Resistivity measurements vs. temperature of: (a) Cu0.5Tl0.5-1234 and (b)
u0.5(Tl0.25Hg0.25)-1234 superconductors after post-annealing in oxygen.

= 0.25 is best in terms of its higher Tc(R = 0), TP, and Jc, there-
ore, we have chosen this sample for post-annealing experiments
n oxygen atmosphere and compared its results with the sample
ithout mercury. In the following the results of post-annealing

xperiments are discussed.

.1. Post-annealing in oxygen

In Fig. 6(a), the resistivity measurements of Cu0.5Tl0.5-1234
ample post-annealed in oxygen are shown. The ρ–T curve
f the as-prepared sample is also included. It can be seen
rom this figure that there is an increase in Tc(R = 0) from 104
o 109 K with a decrease in the normal state resistivity after
ost-annealing. But on the other hand, the post-annealing of
u0.5Tl0.25Hg0.25-1234 sample has decreased the critical tem-
erature from 113 to 104 K along with the increase in room
emperature resistivity, Fig. 6(b). These measurements sug-

ested that as-prepared Hg free sample was in under-doped
egion and oxygen annealing has optimized the carrier concen-
ration in this compound. However, the substitution of mercury
n Cu0.5(Tl0.25Hg0.25)Ba2O4−δ charge reservoir layer promotes



438 M. Mumtaz et al. / Journal of Alloys and

F
1

t
a
b
i

1
c
i
i
T
i
g
p
o
c
e
t
p

1
C

3

t
f
s
u
c
C
v
a
ity measurements of these samples under external DC magnetic
fields are shown in Figs. 8(a and b) and 9(a and b). The mag-
netic fields HDC = 13, 26, 41, 54 and 67 Oe were applied to these
samples parallel to AC magnetic field HAC of the susceptometer
ig. 7. I–V characteristics of: (a) Cu0.5Tl0.5-1234 and (b) Cu0.5(Tl0.25Hg0.25)-
234 superconductors (H = 0 G, T = 77 K) after post-annealing in oxygen.

he formation of material with optimum carriers in CuO2 planes
nd after post-annealing in oxygen atmosphere the material
ecome over-doped with carriers, therefore, zero resistivity crit-
cal temperature is decreased.

The critical current measurements of Cu0.5(Tl0.5−yHgy)-
234 (y = 0, 0.25) samples after post-annealing in oxygen are
ompared in Fig. 7(a and b). The critical current is increased
n the sample with y = 0 but for the sample with y = 0.25 there
s a decrease in critical current after post-annealing in oxygen.
he increase/decrease of critical current density depends on the

ntrinsic properties of the material and on the connectivity of
rains. In our case, the excess oxygen possibly has been incor-
orated both in grains and the intergranular sites. Presence of
xygen at grain boundaries increases the strength of intergrain
oupling while within the grains it changes the intrinsic prop-

rties of the material. It can also be seen from Fig. 7(a and b)
hat the critical current of Cu0.5Tl0.25Hg0.25-1234 sample after
ost-annealing is still higher than that of as-prepared Cu0.5Tl0.5-

F
u
o
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234 sample, this could be due to the lower anisotropy of
u0.5Tl0.25Hg0.25-1234 superconductor.

.2. AC susceptibility under DC magnetic field

The external magnetic fields can affect the physical proper-
ies (i.e. Tc, Jc) of high temperature superconductors; therefore,
or the practical use of these compounds it is very important to
tudy such properties in external magnetic fields. In this section,
sing AC susceptibility technique, we have studied the physi-
al properties (i.e. intergranular coupling, flux pinning, etc.) of
u0.5(Tl0.5−yHgy)-1234, y = 0 and 0.25 superconductors under
arious DC magnetic fields. We have done these experiments on
s-prepared and oxygen annealed samples. The AC susceptibil-
ig. 8. AC susceptibility measurements of Cu0.5Tl0.5-1234 superconductor
nder external DC magnetic fields: (a) as-prepared and (b) post-annealed in
xygen.
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oil. It is observed that with the increase of external DC mag-
etic field, the amplitude of in-phase component of magnetic
usceptibility χ′ is decreased and the onset of diamagnetism is
hifted to lower temperatures. The width of out-of-phase com-
onent of magnetic susceptibility χ′′ is increased while the peak
osition is shifted to lower temperature with the increase of
DC. This peak appearing at a certain temperature TP which is
bserved at 105, 98, 90, 90 and 85 K under HDC = 0, 13, 26, 41
nd 54 Oe for the as-prepared Cu0.5Tl0.5-1234 samples, Fig. 8(a)
s associated with the coupling of grains and flux pinning. After
ost-annealing in oxygen atmosphere the peak temperature TP
nd onset temperature of diamagnetism is increased to 112 and

16 K, respectively. A sharp diamagnetic transition and sharp
eak in the out-of-phase component of susceptibility shows the
mprovement in the intergranular coupling after post-annealing
n oxygen, Fig. 8(b).

ig. 9. AC susceptibility measurements of Cu0.5(Tl0.25Hg0.25)-1234 supercon-
uctor under external DC magnetic fields: (a) as-prepared and (b) post-annealed
n oxygen.
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Fig. 9(a and b) shows the AC susceptibility measurements
f Cu0.5Tl0.25Hg0.25-1234 superconductor under DC magnetic
elds. As-prepared sample has sharp transitions in the in-phase
nd out-of-phase components of susceptibility. However, with
he application of HDC the magnitude of diamagnetic signal
ecreases and the peak in χ′′ part of AC susceptibility is broad-
ned and shifted to lower temperature, Fig. 9(a). The shift of
′′ towards lower temperature is associated with the energy

oss (q = πχ′′Bo
2/μo) determined by the coupling of the grains

24]. On the other hand, post-annealing in oxygen atmosphere
as decreased the superconductivity transition temperature and
he peak temperature, TP to 106 and 96.5 K, respectively. It is
bserved from susceptibility measurements under DC fields that
agnitude of in-phase component of susceptibility is decreased
ith the appearance of two-step transitions when the filed is

ncreased beyond 26 Oe. The appearance of second step in χ′
art of susceptibility and shift of χ′′ peak to lower temperature
hows the decrease in the coupling of the grains. In Fig. 10(a
nd b), we have compared the shift of peak temperature with
he increase of magnetic field for Cu0.5(Tl0.5−yHgy)-1234; y = 0,
.25 samples (as-prepared and post-annealed). It is observed

rom this figure that in the as-prepared Cu0.5Tl0.25Hg0.25-1234
ample the shift of the peak temperature to lower values with
pplied magnetic field is small and the peaks are appeared at
igher temperatures as compared to Cu0.5Tl0.5-1234 sample.

ig. 10. The peak temperature ‘TP’ of χ′′ vs. HDC of Cu0.5(Tl0.5−yHgy)-1234
y = 0, 0.25) superconductors: (a) y = 0 and (b) y = 0.25.
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his behavior of TP versus HDC shows that the external magnetic
eld interact with the grains more strongly in Hg free samples
ue to their weaker inter-grain coupling and flux pinning; as a
esult the Bo penetrates deeper into the grains in these samples.

oreover, the lowering of anisotropy with the substation of Hg
ncreases the flux pinning and critical current density of this
ompound. But after post-annealing in oxygen atmosphere the
′′ peaks are shifted to higher temperatures in Hg free sample
ut on the other hand, TP is decreased in Hg substituted samples.
owever, the shift of TP to lower temperatures with applied mag-
etic fields is still higher in Hg free samples, which shows that
hough oxygen annealing has improved the grain connectivity
f Cu0.5Tl0.5-1234 sample but due to strong interlayer coupling
i.e. coupling between CuO2 blocks) the flux pinning is stronger
n Hg substituted samples.

. Conclusions

We have synthesized Cu0.5(Tl0.5−yHgy)-1234 (y = 0, 0.15,
.25, 0.35) superconductor samples. The Hg substitution in the
harge reservoir layer has decreased its thickness and increased
he coupling between the CuO2 blocks. The strong interlayer
oupling in these samples have enhanced their superconducting
roperties in terms of Tc(R = 0), Jc, and flux pinning. The critical
emperature and critical current density of Cu0.5Tl0.5-1234 sam-
les is increased after post-annealing in oxygen, which shows
hat oxygen annealing has optimized the carrier concentration in
uO2 planes and also increased the intergrain connectivity. In

he case of Cu0.5Tl0.25Hg0.25-1234 sample the critical tempera-
ure and critical current density is decreased after post-annealing
n oxygen, which shows that excess oxygen is possibly doped
ithin the grains but at the grain boundaries the oxygen con-
ent are not significantly changed. However, these samples have
etained their strong flux pinning characteristics as observed
rom the AC susceptibility measurements under various DC
agnetic fields.
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