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Abstract

The effect of sulfate substitution on the formation of (Pb,S)-1201 type phase was investigated. Polycrystalline samples with
nominal compositions of (Pbo.sBo.5xSx)(Sr2-yLay)CuOz, (x=0-0.5, y =0.7 — 1.0) and (Pbo.5S0.5)(Sr2-yLay)CuO; (y = 0.5 — 1.0) were
prepared by using a solid-state reaction method. The samples were characterized by powder X-ray diffraction (XRD) and resistivity
measurements. XRD data revealed that almost-single (Pb,S)-1201 phase samples could be obtained for x = 0.5 and y = 0.9-1.0,
judging from the similar results of the XRD patterns between the (Pb,S)-1201 and (Pb,B)-1201 phases. Each of the samples has a
crystal structure with tetragonal symmetry. The sample with x =0.5 and y = 0.9 is found to show an onset of resistivity dropping at

over 23 K and zero resistivity at 12 K.
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1. INTRODUCTION

Soon  after  (Pb2Cu)Sro(Ca,Y)Cu0, (Pb-3212)
superconductors were isolated by Cava et al.[1], the
synthesis of new Pb-based superconducting layered
cuprates of (PbosSros)Sr2(CaosYos)Cu20; ((Pb,Sr)-1212)
[2] and (PbosCuos)(Sra.yLay)CuO, ((Pb,Cu)-1201) [3,4]
was reported. Thereafter, extensive efforts were devoted to
the study of this kind of material and several new
superconducting lead-based 1212 cuprates
(Pb,M)Srz(CaiyRy)Cu20; (R = rare-earth element, M = Cu
[5,6], Ca[7], Mg [8], Cd [9], V [10], Ti [11], Sn [12]) and
(Pb,M)(Sr2yLay)CuO, (M = Cd [13], Zn [13], B [14]) were
synthesized. These findings indicate a great degree of
flexibility of the rock-salt-type (Pb,M)O layer in the 1212
and 1201 cuprates. In particular, the formation of
(Pb,B)-1201 phase suggests that Cu sites in the monolayer
of (Pb,Cu)O can be replaced by oxyanion. In fact, Slater et
al. [15] reported the first study on sulfate and phosphate
substitution for Cu sites in cuprates with nominal
compositions of Y Sr2Cuzx(SO4)xOy and
Y Sr2Cus-«(PO4)xOy (0.2 < x < 0.32), which can be rendered
superconducting. After isolation of (Pb,B)-1201 phase,
(Pb,S)-1212 [16] and (Pb,S)-1222 [17] compounds have
been synthesized, but the formation of (Pb,S)-1201 phase
was not reported. In this work, we attempted to synthesize
(Pb,S)-1201 phase based on our recent success in isolation
of sulfate-based superconducting  TISrsCu20,(SO4)
compounds [18 - 20].
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2. EXPERIMENTS

Polycrystalline  samples  having the  nominal
compositions of (PbgsBo5-xSx)(Sr2yLay)CuO,, (x =0 - 0.5,
y = 0.7 - 1.0) and (Pbo.sSo5)(Sr2yLay)CuO, (y = 0.5 - 1.0)
were prepared by using a solid-state reaction from starting
powders of PbO, B2O3, CuSQy4, SrO,, La;Ozand CuO. The
mixtures were thoroughly ground and cold-pressed into
disk-shaped pellets. The pellets were then wrapped in a
silver foil to reduce possible volatilization of Pb. The
wrapped materials were heated at 895C for 1 h — 2h in air
and then cooled to a temperature below 200TC in a
conventional tube furnace. Some of the samples were
quenched into liquid nitrogen after heating at 895 C. X-ray
diffraction (XRD) measurements to determine the phase
purity and lattice parameters of the samples were
performed by using a powder diffractometer (X'pert-pro
MPD) with Ka radiation at room temperature. Resistivity
measurements were made on rectangular specimens cut
from sintered pellets, by using a conventional four-probe
technique. The measuring current was 10 mA.

3. RESULTS AND DISCUSSION

The XRD patterns for (Pbo.sBo.sxSos)(Sr1.2Lao.s)CuO;
samples with x = 0, 0.25, and 0.5 are shown in Fig. 1. From
the XRD patterns, one can notice that the diffraction pattern
for the x = 0.25 sample is nearly identical to that for the x =
0 sample. A similar feature is observed for the x = 0.5
sample except for slight increases in peak intensity, which
are denoted by asterisks in Fig. 1. The peaks denoted by
asterisks are due to impurity phases of Pb-Sr-Cu-O solid
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solution [21] which are typically observed in Pb-1201[13]
systems. The main diffraction peaks except for those of the
impurity phase could be indexed on the basis of a tetragonal
unit cell as denoted in Fig. 1

The tetragonal cell parameters determined by the least
squares fitting method were a = 3.791(6) A and ¢ =
8.657(12) for the x = 0 sample and a = 3.789(3) A and ¢ =
8.669(6) A for the x = 0.5 sample. These values are
comparable to the reported values of a=3.779 A and ¢ =
8.654 A for the (PbosBos)(SrLa)CuO, compound [14].
These results clearly indicate the formation of (Pb, S)-1201
phase, judging from the similarity of the diffraction
patterns of the samples shown in Fig. 1. These findings also
contrast with the report that the Pb-1201 phase does not
form for M = P or S in (Pb1xMx)(Sr2yLay)CuO, systems
[14]. Fig. 2 shows the temperature dependences of the
electrical resistivity for the (PbosBos.xSx)(Sri2Laos)CuO;
samples. The sample with x = 0 exhibits a
superconductivity onset temperature T (onset) =17 K and
zero-resistivity temperature T. (zero) = 8 K. For the
S-doped samples, both T (onset) and T. (zero) values are
enhanced as compared to the S-free x = 0 sample and the x
= 0.5 sample shows T (onset) = 22 K and T (zero) = 13 K.

Fig. 3 shows the electrical resistivity data for
(Pbo5So05)(Sr2yLay)CuO; (y = 0.5 — 1.0) samples. The y =
1.0 sample (a) shows a T¢ (onset) at 22 K but does not reach zero
resistivity on lowering the temperature to about 10 K. However,
when La-content is decreased below y = 0.9, the T (zero) value
tends to increase until y = 0.7. A further decrease in y below y =
0.7 results in a decrease in the T¢ (zero) values and a prominent
increase in normal-state resistivity as shown in the inset of Fig. 3.
Although the T. (zero) value changes with the La-doping
content y, one can notice that the T. (onset) values hardly
changes, that is, the T¢ (onset) values are 22 K, 23 K, 22 K, 23
K, 21 Kand 23 K fory = 1.0, 0.9, 0.8, 0.7, 0.6, and 0.5,
respectively. Fig. 4 shows the XRD patterns for
(Pbo.5S05)(Sr2yLay)CuO; (y = 0.5 — 1.0) samples. The main
diffraction pattern for the y = 1.0 sample shows the
diffraction pattern of the pure Pb-1201 phase. The intensity
of the impurity peaks marked by asterisks increased as the
La-content decreased fromy = 1.0 and a significant
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Fig. 1. Powder XRD patterns for
(Pbo.5Bo5-xSx)(Sr1.2Lao.s) CuO, samples.
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Fig. 2. Temperature dependences of the electrical resistivity
for (Pbo.sBo.s5-xSx)(Sr1.2Lags)CuO, samples.
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Fig. 3. Temperature dependences of the electrical
resistivity for (PbosSe.s)(Sr2yLay)CuO, samples.
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Fig. 4. Powder XRD patterns for (PbosSo.s)(Sr2-yLay)CuO,
samples.

increase in impurity content was observed for the samples
withy <0.7. Although it is not shown, a similar increase of
the same impurity phase with decreasing La doping content
was also observed for the (Pbo sBos)(SrzyLay)CuO, (y=0.7
— 1.0) system. The cell parameters determined from the
diffraction peaks for the (PbosSo.5)(Sr2-yLay)CuO, samples
were a = 3.786(2) A and ¢ =8.665(4) A for the y = 1.0
sample and a = 3.787(4) A and ¢ = 8.656(8) A forthey =
0.7 sample. Considering the difference in ion size [22]
between La (1.16 A for CN =8) and Sr (1.26 A for CN =
8), the small change in the lattice parameters and unit cell
volume seems to suggest that the La doping content does
not vary according to the nominal compositions. For
polycrystalline high-T. cuprate superconductors, the hole
concentration per CuO; plane plays a very important role
and T¢ (onset) is considered to be determined mainly by the
carrier concentration of the grains. However, the zero
resistivity transition depends not only on the carrier
concentration but also on the grain connectivity [23]. The
grain connectivity can be greatly affected by the formation
of impurity phase. Therefore, the prominent increase in the
normal-state resistivity and the decrease in T (zero) values
for the samples with y < 0.7 are explained by the notable
increase in impurity content. On the other hand, if the La
content in Sr sites is changed, T. (onset) is expected to
change as well due to the valence difference between La *2
and Sr *2, Thus, despite the change in nominal content of La in the
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Fig. 5. Powder XRD patterns for (a)
(Pbo.sBo.s)(Sr1.1Lao.g)CuOy;, (b) (Pbo.sSes)(Sr1Lacs)CuQ,,
and (c) quenched (Pbo5So5)(Sr1.1Lag.9)CuO, samples.
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Fig. 6. Temperature dependences of the electrical
resistivity for (a) (PbosBos)(Sri.1La9)CuO,, (b)
(Pbo5So.5)(Sr1.1La0.e)CuO;, and (c) quenched
(Pbo5S0.5)(Sr1.1Lage)CuO, samples.

composition, the nearly constant value of the T (onset)
suggests that the soluble La content in the
(Pbo.5S0.5)(Sr2-yLay)CuO, system is very limited. Combined
with the increase in the impurity content with the decrease
in La doping content below y = 0.9 as shown in Fig. 4, the
soluble La doping content is considered to be y = 0.9-1.0.

Fig. 5 displays the XRD patterns for (a)
(Pbo,5Bo,5)(Sr1,1LaoA9)CUOz, (b) (Pbo,sSo,s)(Sl'l,lLaoAg)CUOz,
and (c) quenched (PbosSos)(Sri.1Lags)CuO; samples. The
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quenched sample was prepared by heating at 895 C for 1 h
in air and subsequent quenching in liquid nitrogen.
Comparing the XRD patterns of the (b) and (c) samples,
the impurity peak is significantly reduced after the
quenching operation. This result suggests that nearly
phase-pure (Pb,S)-1201 phase can be formed under
appropriate synthesis conditions. Fig. 6 shows the
resistivity data for the samples shown in Fig. 5. Sample (a)
shows T (onset) at 20 K but does not reach zero resistivity on
lowering the temperature to about 10 K. In contrast, sample (b)
exhibits a T¢ (onset) at 23 K and T (zero) at 12 K. The broad
transition in the resistivity curve for sample (c) is
considered to be caused by inhomogeneous distribution of
the hole concentration in the sample. Although we have not
optimized the sample preparation conditions for sample (c)
at this stage, it is expected that T. (zero) could be reached
near T. (onset) if we could optimize the preparation
conditions including the sintering temperature, time and
atmospheres.

4. CONCLUSION

Based on the recent successful synthesis of sulfate-based
TISrsCu,0,(SO4) compounds, we addressed sulfate
substitution for M sites of the (Pb,M)O mono-layers in the
crystal  structure of the Pb-1201  compound
(Pb,M)(Sr,La).Cu0;. Polycrystalline samples with nominal
compositions of (Pbo sBo5xSx)(Sr2yLay)CuO,, (x =0- 0.5,
y = 0.7 — 1.0) and (Pbo.5So5)(Sr2yLay)CuO, (y = 0.5 - 1.0)
were synthesized and characterized by means of XRD and
resistivity measurements. XRD data for the
(PbosBosxSx)(SrayLay)CuO,  samples  showed that
almost-single 1201 phase samples were formed for y = 0.9
- 1.0, judging from the finding that the diffraction pattern
for the (PbosSos)(SrayLay)CuO, samples was nearly
identical to that of the Pb-1201 phase in the
(PbosBos)(Sra.yLay)CuO, system. The superconductivity
transition temperature for the y = 0.9 sample revealed an
onset of resistivity dropping at over 23 K and zero
resistivity at 12 K.

ACKNOWLEDGMENT

This study was supported by a National Research
Foundation grant (NRF-2015R1D1A1A01059891). The
authors express their thanks to the Central Laboratory of
Kangwon National University for help with the XRD
measurements and Dr In Seok Yang of Korea Research
Institute of Standards and Science for help with the
automatic resistivity measurements.

REFERENCES

[1] R. J. Cava, B. Batlog, J. J. Krajewski, L. W. Rupp, L. F.
Schneemeyer, T. Siegrist, R. B. vanDover, P. Marsh, W. F. Peck, Jr,
P. K. Gallagher, S. H. Glarum, J. H. Marshall, R. C. Farrow, J. V.
Waszczac, R. Hull and P. Trevor, “Superconductivity near 70 K in a
new family of layered copper oxides,” Nature, vol. 336, pp. 211-214,
1988.

[2] T. Rouillon, J. Provost, M. Hervieu, D. Groult, C.Michel and B.
Raveau, “Superconductivity up to 100 K in lead cuprates: a new
superconductor Pbo.5Sr2.5Y05Cao.sCu207-5,” Physica C, vol. 159, pp.
201-209, 1989.

[3] S. Adachi, K. Setsune and K. Wasa, “Superconductivity in 1201
lead cuprate,” Jpn. J. Appl. Phys., vol. 29, pp. L890-L892, 1990.

[4] H. Sasakura, K. Nakahigashi, A. Hirose, H. Teraoka, S.
Minamigawa, K. Inada, S. Noguchi and K. Okuda, “Praparation of
superconducting 1201 phase in the (Pbi.yCuy)Sr2xLaxCuO;
system,” Jpn. J. Appl. Phys., vol. 29, pp. L1628-L1631,1990.

[5] A. Ono and Uchda, “Preparation of a new superconductor
Sr2Y0.7Ca0.3Cu2.35Pbo.esOy,” Jpn. J. Appl. Phys., vol. 29, pp.
L586-L587, 1990.

[6] T.Maeda, K. Sakuyama, S. Koriyama, H. Yamauchi and S. Tanaka,
“Synthesis and characterization of the superconducting cuprates
(Pb, Cu)Srz(Y,Ca)Cu20z,” Phys. Rev. B, vol. 43, pp. 7866-7870,
1991.

[7]1 T. Rouillon, A. Magnan, M. Hervieu, C. Michel, D. Groult, and B.
Raveau, “A “1212” superconductor involving mixed calcium lead
(Pbo.5Ca0.50)- monolayers:Pbo.sCao.sSr2CaxY1.xCuz O7-5,” Physica
C, vol. 171, pp.7-13, 1990.

[8] H. B. Liuy, D. E. Morris and A. B. P Sinha,
“(Mg,Pb)Sr2(Y,Ca)Cu207, a new 60 K superconductor in the
Pb-1:2:1:2 family,” Physica C, vol.204, pp. 262-266, 1993.

[9] T.P. Beales, C. Dineen, W.G. Freeman, D. M. Jacobson, S. R. Hall,
M. R. Harrison and S. J. Zammattio, “Superconductivity at 92 K in
the (Pb,Cd)-1212 phase (PbosCdo.s)Sr2(Yo.7Ca0.3)Cu207-5,”
Supercond. Sci. Technol., vol. 5, pp. 47-49, 1992.

[10] H. K. Lee , “ Synthesis and superconductivity of a new type of
Pb-1212 phase (Pb,V) Sr2(Y,Ca)Cuz2 Oz” Physica C, vol. 308, pp.
289-293, 1998.

[11] H. K. Lee and G. H. Han, “(Pb,Ti) Srz(Y,Ca)Cuz Oz a new
superconductor in the Pb-1212 family,” Supercond. Sci. Technol.,
vol. 12, pp. 177-180, 1999.

[12] H. K. Lee and C. S. Jee, “A New Superconductor with the 1212
Structure (Pb,Sn)Srz(Ca,Lu)Cu20;,” Prog. Supercond., vol. 2, pp.
6-10, 2000.

[13] T.P. Beales, W. G. Freeman, S. R. Hull, M. R. Harrison and J. M.
Parberry, “Synthesis and properties of a series of layered copper
oxide superconductors with a (PbosCdos) rock-salt dopant layer,”
Physica C, vol. 205, pp. 383-396, 1993.

[14] H. Sasakura, Y. Akagi, S. Tsukui and M. Adachi, “New
superconducting  lead  cuprate  with 1201  structure,
(PbosBos)(SrLa)CuO;” Mat. Lett., vol. 62, pp. 4400-4402, 2008.

[15] P. R. Slater, C. Greaves, M. Slaski and C. M. Muirhead, “Copper
oxide superconductors containing sulphate and Phosphate groups,”
Physica C, vol. 208, pp. 193-196, 1993.

[16] M. Tanaka, H. Sasakura, Y. Akagi, S. Tsukui and M. Adachi, “New
Pb-based 1212 Cuprates Superconductors Containing Sulfur,
(Pbo.75S0.25)Sr2(Y1.-xCax)Cu20z,” J. Supercond. Nov. Magn., vol. 24,
pp.1479-1483, 2011.

[17] H. Sasakura, Y. Akagi, M. Tanaka et al., “Synthesis of new
Pb-based 1222 layered cuprates in the (Pb,S)Sr2(Re,Ce)2Cu20; (RE
= Pr, Nd, Sm, Eu, Gd, Dy,Ho,Er,Tm, and Y) system,” J. Supercond.
Nov. Magn., vol. 26, pp. 633-638, 2013.

[18] H. K. Lee and J. Kim, “Effect of sulfur doping on the
superconductivity of TISr2.CuO; cuprates,” New Physics: Sae Mulli,
vol. 67, pp.1048-1052, 2017.

[19] H. K. Lee and J. Kim, “Superconducting properties of a new
oxysulfate superconductor,” Ceramics International,
https://doi.org/10.1016/j.ceramint.2018.08.199.

[20] H. K. Lee, “Superconductivity in new oxyanion superconductors:
TISraCu207(S04)1-x(CrOa)x,” AIP Adv., vol. 8, pp101311-5, 2018,
http://doi.org/10.1063/1.5049855.

[21] H. Kitaguchi, J. Takada, K. Oda, and Y. Miura, “Equlibrium phase
diagrams for the systems PbO-SrO-CuO and PbO-CaO-SrO,” J.
Mater. Res., vol. 5, pp.1379-1402, 1990.

[22] R.D. Shannon, “Revised Effective Radii and Systematic studies of
interatomic distances in halides and chalcogenides,” Acta. Cryst. A,
vol. 32, pp.751-767, 1976.

[23] S. K. Patapis, E. C. Jones, J. M. Phillips, D. P. Norton and D. H.
Lowndes, “ Fluctuation conductivity of YBaCuO epitaxial thin
films grown on various substrates,” Physica C, vol. 244,
PP.198-206, 1995.


https://doi.org/10.1016/j.ceramint.2018.08.199



