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A new family of superconductors were ohserved in the (PhysHey St Ca - Y Cu04-; system for the
composition range 0.5 = x = 0.2, with a maximum T, of 90 K {at x = 0.3) as determined by electrical
resistance and magnelizalion measurements. We have investipated the crystal structure across the
enlire composilion range by X-ray diffraction, by which we identify the phase respensible for the
superconductivity to he similar to that of {Pb,Cu)S1.CaCu,0; (the so-called Pb-based 1212 phase) with
a space group of P4/srun and lattice constants of a ranging from 1.8159(6) A for ¥ = 0.5 to 3.8082(4) A
for x = 0.2, and ¢ ranging from 11.950(2} A for x = 0.5 to 12.022(2) A for x = 0.2. Moreover, the
chemical composition of one sample in the series having nominal composition {(Pby sHgs 500 Cap <V 5}
Cu,07_5 (v = 0.5) was determined {o be [PbggHRq 2Cua 21512 o[ Caga2 Yo 51 Higo 17]C01, 055 by energy-disper-
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1. Introduction

Following the discovery of a nonsuper-
conducting lead-based 1212 cuprate, (Pb,
Cu)Sry(Ca,Y)Cu,07 (/, 2), numerous at-
tempts have becn madc to induce or opti-
mize superconductivity; these include the
optimization of annealing conditions (3—8),
the variation of the Ca and Y ratio (9}, and
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various chemical substitutions (/0-15).
(Pb,Cu)Srx{Ca,Y)Cu:0; has a Pdinunm
space group {a ~ 3.8 A and ¢ ~ 11.8 A),
characterized by an intergrowth of double
rock salt-type layers {{(Pb,Ct)0)(SrO)} and
double [Sr(Ca,Y)Cu;0;] oxygen-deficient
perovskite layers, formed by sheets of cor-
ner-sharing CuQ; pyramids interleaved
with caleium and yttrium ions (1, 2, /16).
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The structure of {Pb,Cu)Sr:(Ca,Y)Cu,05 re-
sembles that of YBa,Cu;0Q,; (123), with
rock-salt-type (Pb,Cu)O layers replacing
the CuO chains, Sr atoms replacing Ba at-
oms, and (Ca,Y) atoms replacing Y atoms.
The main difference, however, is in the po-
sition of certain oxygen atoms; when those
in the (Pb,Cu)O planes of the Pb-based 1212
material are translated by (4, 0, 0), they as-
sume the positions of oxygen in the CuO
chains in the 123 compound. However,
there are extra oxygen atoms statistically
present in the (Pb,Cu)O layers at the site
which corresponds to the chain site in the
Pb-based 1212 material; the occupancy fac-
tors are around 0.025-0.054 (/6). Oxygen in
this position tends to trap holes within the
rock-salt-type (Pb,Cu)O layers and thus
naturally to limit the 7, value to only
around 45-67 K {17). 1t is therefore worth
trying to replace the Cu in (Pb,Cu)O by
those elements favoring a rock-salt struc-
ture, in order to avoid hole traps within this
tayer. Generally, cations in the rock-salt-
type layer (e.g., Tl) assume a distorted oc-
tahedral coordination; the axial metal-oxy-
gen distance of the metal-oxygen bond is
significantly shorter than the equatonal dis-
tance, for example 2.01(4) A for the axial
distance betwcen Tl and O and 2.717(1) A
for the corrcsponding cquatorial distance in
TIBa,CaCu;0; ({/8). This polyhedron can be
best regarded as a dumbbell, a coordination
typical for cations with the closed shell 4%
electronic configuration.

An enhancemcnt of 7. up to 70 K (9}
and 92 K (20) by Cd-doping in thc system
{Pb,Cd)Sr»(Ca,Y)CuO; has recently been
observed; herc it is assumed that Cd?* (with
a closed shell ' substitutes for Cu?* in
(Pb,Cu)Sry(Ca,Y)Cu,O;.  Although the
(Pby sCdy 5)Sr(Cayg s Yo 5)CuO,; material ex-
hibits onset diamagnetism as high as 92 K,
the superconducting (Meissner) volume
fraction is only a few percent of a perfect
superconductor; in the normal state the ma-
terial is a semiconductor with a very broad
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superconducting transition temperature
(Tetonseny = 90 K and Tizerg) = 45 K) a5 mea-
sured by clectrical resistivity (20).

The Hg?* ion which also has a closed
shell 4'° electronic configuration might be a
possible substituent for Cu?' in the Pb-
based 1212 material. In this work, we re-
port the synthesis and characterization of a
new series of (PbgsHggs)Sr(Ca,_.Y,)Cu;
0;_s superconductors by the substitution of
Hg for Cu in thg: rock salt (Pb,Cu)O layers
of the Pb-based (Pb,Cu)Sry{Ca,Y)CuOy
system.

2. Experimental

High-purity powders of PbO, HgO, SrO,,
Ca0, Y,0; and CuQ were weighed in the
appropriate proportions to form nominal
compositions of (PhysHgos)Sr(Ca; [ Y,)
Cu,075 (x = 0.5, 0.4, 0.3, and 0.2). The
powders were then mixed using a mortar
and pestle and pressed into pellets (10 mm
in diameter and 3 mm in thickness) under a
pressure of 5 ton/cm?. The pellets were
wrapped in gold foil to prevent loss of lead
and mercury and a possible reaction with
quartz at elevated temperatures, then en-
capsulated in an evacuated (oxygen pres-
sure ~107* Torr) quartz tube. Subse-
quently, the samples were heated inside of
a furnace at a heating rate of [0°C/min up to
970°C for 24 hr, and then cooled down (o
room tcmperature at a cooling rate of
2°C/min. After heat treatment, all samples
were black. Bar-shaped specimens (1.5 X
2 X 10 mm) were cut from the sintered pel-
lets and used for resistivity. measurements.

X-ray diffraction (XRD)} analyses were
performed using a Philips PW1710 X-ray
diffractometer with CuKe radiation. The
chemical composition of individual micro-
crystallites of the specimen was examined
by encrgy-dispersive X-ray spectrometry
(EDS) using a JEM-2010 electron micro-
scope operating at 200 kV. Molybdenum
specimen grids were used to check by re-
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garding background spectra that no residual
copper signal originated from the sample
holder. Nearly monophasic (Pbg7sCuq 2)Sr;
(CaysYe 5)Cu;0; was used as standard ma-
terial (9). A standard four-probe method
was used for electrical resistance measure-
ments. The electrical contacts to the sam-
ple were made by fine copper wires with a
conductive silver paint; the applied current
was | mA. The temperature was recorded
using a calibrated silicon diode sensor lo-
caled close to the sample. Low field magne-
tization data were taken from a super-
conducting quantum interference device
(SQUID) magnetometer (Quantum De-
sign).

3. Results and Discussion

In Fig. 1 we show the powder XRD pat-
terns of samples with nominal compositions
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of the series of compounds (PbysHgg s)Sr;
(Ca; -, Y, )Cu 075 with (a) x = 0.5, (byx =
0.4, (c) x = 0.3, and (d) x = 0.2. Most of the
lines from the XRD pattern of the x = (.5
sample (Fig. la} can be fitted by using a
space group of P4/mmm with a tetragonal
unit cell of ¢ = 3.8159(6) A and ¢
11.950(1) A, which is similar to that ob-
served from the so-called Pb-based 1212
phase for the corresponding composition
(Pbo.sCuq 5)Sr3(Cag sYg s)Cuy07-5, with lat-
tice constants ¢ = 3.818 A and ¢ = 11.882
A. This result indicates that the Hg-con-
taining sample has a slightly shorter @, and
a longer ¢, than the Pb-based 1212 sample.
This change in the c-parameter may corre-
spond to the larger Hg?* jon (1.02 A for
C.N. = 6) (21) which replaces the smaller
Cu?* (0.73 A for C.N. = 6) (2/) ions in the
rock-salt (Pb,Cu)O layers. The XRD pat-
terns of the x = 0.4, 0.3, and 0.2 samples
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FiG. 1. Powder XRD patterns of samples with nominal compositions of the series of compounds
(Pbg sHgo )Sra(Ca,_, Y, )Cu-0,_; with (2) x = 0.5, (b} x = 0.4, {¢) x = 0.3, and {(d) x = 0.2.
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FiG. 2. The variation of the lattice constants (a}
and (b) ¢ with x in (Pby sHgg 5)Sr(CagsY o s)Cu0v 5.

are similar to that of the x = 0.5 sample,
except that an increase in the concentration
of an unidentified impurity phase with in-
creasing Ca-doping (i.e., decreasing x) (see
Fig. 1a to d) was also observed and may
indicate a solubility limit of ~70% for the
substitution of Ca for Y in (PbgsHggs)Sr;
(Cay—; Y )Cuy0y-s.

The variation of the a and c¢ lattice con-
stants with x in (PbysHgos)Sr:(Ca - Y.)
Cu,(;_; is shown in Figs. 2a and b, respec-
tively. Note that a increases with x (i.e., the
contraction becomes less), whereas c¢
shows the opposite behavior. We propose
that the larger contraction in a with de-
creasing x in (PbgsHggs)Srp(Ca;— Y, )Cu,
0;_; may be attributed to an increase in the
nominal copper oxidation state, arising
from the substitution of Ca?* for Y**, which
in turn leads to shorter Cu—-Q distances
within the copper oxygen sheets. The prob-
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able reason for the expansion in ¢ with de-
creasing x is that the Ca’t (1.12 A for
C.N. = 8) is slightly larger than the Y**
(1.019 A for C.N. = 8 ion (21). A similar
effect has been observed in the (TlgsPbgs)
Sr(Ca;—, Y, JCu0;_; system (22).

We then chose one member of the series,
with nominal composition (PbysHggs)Sr
(Cag 5Y05)Cu07-5 (x = 0.5}, to determine
its actual chemical compesition by EDS. In
Fig. 3 we show the EDS spectra from the
sample with this nominal composition (Fig.
3b) as compared to that of the standard
sample (Pby.75Cug,25)Sr2(Cag sY ¢ 5)Cu207
(Fig. 3a). If it is assumed that Sr** sites are
occupied solely by these ions, and that the
overall occupancy of the (Ca,Y) sites must
be unity, the occupancy of the rock-salt
sites must then correspond to (PbgsHgoa
Cuy ), and the chemical composition of the
sample is determined to be [Pbo soyHgo.273)]
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Fis. 3. EDS spectra from (a) a standard sample
(Pbo.75C o 25)8ra(Cay s Yo 5)Cu2(; and (b) a sample with
the neminal composition of (PbysHges)Sr:(CagsYus)
Cuy0;_5 (xr = 0.5).
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F1G. 4. Temperature dependence of normalized resistance for the series of samples (PbysHg, )
SrCa_ Y JCU,0;_; with x = 0.5, 0.4, 0.3, and 0.2

SraomlCag.ae: Yo.s12)]Cu2. 2074, corre-
sponding to (PbgsHgo 2:Cue2)Sr(Cag a2 Yo 5
Hgog7)Cuy0;.  Detailed  structure refine-
ments by XRD are currently underway.

In Fig. 4 we show the temperature depen-
dence of the normalized resistance for the
series of samples (PbgsHggs)Sr{Caj-,Y,)
Cu,05_5. The substitution of Ca?t for Y3+

increases the superconducting temperature
from T(onseny = 40 K, Te(midpoiny = 28 K, and
Tc(zero) = 14 K for x = 0.5 10 Tc(onsel) = 100
K, Tetmidpoiny = 90 K, and Tizero) = 77 K for
x = 0.3, However for x << 0,3, the supercon-
ducting transition temperature then de-
creases and also becomes broader. We
therefore propose that the substitution of
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F16. 5. Temperature dependence of low-field magnetization (10 Oe. field cooled) of the powdered
sample with x = 0.3 in (PbgsHgys)Sr(Ca;_, Y, )Cu,0;-;. The inset gives greater detail of the tempera-
ture dependence of magnetization of the sample over the temperature range 85-100 K.
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low valent Ca?* for high valent Y3+ in the
system (Pbg.sHgo s)Sr(Ca;— Y, )CuyO7-5
gives rise to an increase in the hole concen-
tration in the CuQ; sheets and enhances the
T. with decreasing x in the range of 0.3 =
x = 0.5 via the removai of electrons from
the o fi_,: band (23). This proposal is partly
supported by the observed contraction of
the lattice constant & with increasing Ca
doping (as shown in Fig. 2a). For x < 0.3,
the hole concentration could not be further
increased, which may arise from the natural
solubility limit of Ca in the Y sites. Conse-
quently, a broadening of the superconduct-
ing transition temperature was obtained for
the x = 0.2 sample, perhaps due to the con-
tribution from the unidentified impurity
phase {as shown in Fig. 1d).

In Fig. 5 we show the temperature depen-
dence of the low-field magnetization (10
Oe, field cooled) of the powdered sample
with x = 0.3 in (PbosHgys)Sr{Ca;_Y,)
Cu;0;-5. The onset diamagnetism of the
sample appeared at a temperature of 90 K
(see inset of Fig. 5), consistent with the
electrical resistance measurement of
Temidpoiny. We estimate a superconducting
(Meissner) volume fraction of ~20% of
—4m at 5 K, which suggests that the sample
essentially showed bulk superconductivity.

In summary, we have demonstrated that
a new series of superconducting materials
exists in  (PbgsHgg s)Sr(Ca;_, Y )Cu,O5.
With increasing Ca doping (i.¢., decreasing
the compositional parameter x) T, increases
and a maximum value appears at x = 0.3
with a T, of 90 K.
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