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Superconductivity at 105 K has recently been observed in a family of compounds (T1, _,M,)Sr;(Ca, _,Y,)
Cu,0,_5(M = Ti, Zr, Hf, V, Nb, and Ta). An interesting feature is the enhancement of T, in the parent
T1Sr,CaCu,0; compound via substitution of high-valent 3d transition metals; this is in contrast to other
high-T, cuprates investigated so far. The effects on crystal structure and electronic properties of yttrium
and vanadium doping in the metallic, but not superconducting, TISr,CaCu,0; compound are described.
The new high-T, superconductor, (Tl, sV, 5)Sr,(Cag Y 2)Cu,0;_5, exhibits a current density of 1.5 x
107 A/em? at 5 K and 1 T for the sintered material which is comparable to that observed in YBa,Cu;0,_;

and YBa,CuyOg. © 1991 Academic Press, Inc.

1. Introduction

Since the discovery of superconductivity
in the La-Ba—-Cu~0O and Y-Ba-Cu-O sys-
tems, there has been extensive research on
the substitution of 3d transition metals. Un-
fortunately, the incorporation of transition
elements into these superconducting oxides
always has a detrimental effect on the transi-
tion temperature, T, (1). Recently, Doi et al.
(2) have synthesized a monophasic TiSr,Ca
Cu,0,; compound, which has single T1-O
sheets and tetragonal symmetry (a = 3.7859
A, c = 12.104 A: space group pd/mmm),
but the material is not superconducting for
temperatures down to 4 K. The authors pro-
posed that the introduction of lead into
TISr,CaCu,0; would optimize the hole con-
centration and lead to superconducting at
high temperatures. In fact, Subramanian et
al. (3) synthesized the compound
(T, sPby 5)Sr,CaCu,0,, which is supercon-
ducting below 80 K. In the case of the
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TISr,CaCu,0, compound, the Cu valence is
2.5+, which appears to be too high and the
compound is unstable and/or difficult to pre-
pare as a single phase. Interestingly, a large
number of 3d transition metal cations have
accessible valencies of four and above. This
aspect leads one to suggest that high-valent
3d transition metals might play the same role
as lead (4+)—if they substitute for the Tl
(3 +) sites in TISr,CaCu,0,, rather than sub-
stituting in the Cu~O framework. If this is
possible, the substitution would reduce the
“overdoping” of TISr,CaCu,0,; and give
rise to a superconductor. This reasoning led
to the synthesis of a new family of high-T,
superconductors in the system (Tl;_,
M,)Sry(Ca,_,Y,)Cu,0,_5 (M = Ti, Zr, Hf,
V, Nb, and Ta) (4-6).

Here, we report the results of an investi-
gation of the substitution of thallium by va-
nadiumin (T1, _,V,)Sr,(Cay3Y,,)Cu,0,_; by
a combination of electrical resistivity, mag-
netic, and X-ray diffraction measurements.
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The aim is to obtain information on the role
of vanadium in the Tl-V-Sr-Ca-Y-Cu-O
system. In addition, we have measured the
critical current density of this new high-
T. superconductor, (Tl sV, s)Sry(CaygYy ;)

c
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2. Experimental

Samples with nominal compositions of
T1Sr,CaCu,0, and (T1,_,V,)Sr)(CaysY,,)
Cu,0, (0 = x = 0.7) were prepared by mixing
suitable amounts of T1,0,, V,0s, SrO,, CaO,
Y,0;, and CuO, and forming a pellet, 10 mm
in diameter and 2 mm in thickness, of this
mixture under an applied pressure of 5 tons/
cm?. The pellets were wrapped in gold foil
to prevent the loss of thallium at high tem-
perature, then put into a tube furnace at
950°C for 3 hr (in flowing oxygen atmo-
sphere). The samples were then cooled to
room temperature at a cooling rate of 5°C/
min.

A standard four-point probe method was
used for the electrical resistivity measure-
ments. The electrical contacts to the sample
were made by fine copper wires with a con-
ductive silver paint; the applied current was
1 mA. The temperature was recorded by a
calibrated silicon diode sensor located close
to the sample. Magnetization data were ob-
tained using a superconducting quantum in-
terference device (SQUID) magnetometer
(Quantum Design). X-ray diffraction (XRD)
studies were carried out with CuKa radia-
tion using a Spectrolab CPS-120 diffracto-
meter.

3. Results and Discussion

Using the preparation route described
above, as-synthesized TISr,CaCu,O, is
multiphasic (XRD pattern will be shown
later). The sample exhibits metaliic behav-
ior from 300 to 4 K, except for a small elec-
trical resistivity drop around 80 K, probably
arising from a minority (<1%) supercon-
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ducting phase (6, 7). Superconductivity in
T1Sr,CaCu,0, can be induced by the re-
placement of 20% of the Ca’* sites by Y**
to give the compound TISr,(Ca, Y, ,)Cu,0,
(8). However, the superconducting transi-
tion in TISry(Cay Y, ,)Cu,0, begins at 74 K,
but zero resistance is not achieved until 15
K (see Fig. 1; x = 0).

The temperature dependence of the nor-
malized resistivity for a series of samples of
(T1,_,V)Sry(Cay Y, ,)Cu,0, is also shown
in Fig. 1. Samples with nominal composi-
tions 0 =< x =< 0.5 exhibit metallic behavior
in their normal state and an increasing 7, up
to a maximum value of T .., = 105 K,
T omigpoiny = 100 K, and T, = 87 K for
the sample (Tl 5V, 5)Sry(CaggY, ,)Cu,0,.
For compositions above x = 0.5, the super-
conducting transition temperature de-
creases and the normal state resistivity ap-
pears to show semiconducting behavior.

In Fig. 2 we summarize the characteristic
superconducting properties for samples of
different vanadium composition in (TI,_,
V)S1,(Cag 5Y, 2)Cu,0,. The superconduct-
ing transition temperature[7 migpoinn] 1N~
creases from 47 K (x = 0) to 100 K (x =
0.5) and, at the same time, the transition
width decreases. However, for x values
above 0.5, the superconducting transition
temperature decreases. In Fig. 2 we also
show the compositional variation of the
room temperature resistivity in (T1,_,V,)
Sry(Cag Y, 2)Cu,0,. It is interesting that the
room temperature resistivity increases from
x = 0.1to 0.7, which may be related to an
effective decrease in the ‘‘hole’’ concentra-
tion in TISr,(Cay Y, ,)Cu,0, via vanadium
substitution (either V4* or V>, see below) of
thallium cations. This effect is similar to that
found in the (Tl sPb,s)Sry(Ca,_,Y,)Cu,0,
system, where substitution of Y>* for Ca®*
results in a decrease in the hole concentra-
tion and an increase in the room temperature
resistivity (9). However, we cannot rule out
the possibility that this effect may arise from
the presence of pyrochlore-type impurity
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F1G. 1. The temperature dependence of the normalized electrical resistivity for a series of samples
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phases when large amounts of vanadium are
introduced into the (Tl, ,V)Sr(Ca;;3Yy,)
Cu,0, system.

In Fig. 3 we show the Meissner signals
(field-cooled) for powder samples of
(T1,_,V,)Sry(Cay 5, ,)Cu,0, as measured
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Fi1G. 2. The characteristic properties of supercon-
ducting transition temperature and room temperature
resistivity for a series of samples with compositions of
(T1,_,V)Sry(Cag 5Y2)Cu,0, (derived from Fig. 1).

by a SQUID magnetometer in an applied
magnetic field of 10 Oe. The magnitude of
the Meissner signals increases from x = 0
to x = 0.5. At a nominal stoichiometry of x
= (.5, the sharpest superconducting transi-
tion (beginning around 105 K) was ob-
served. With further increases in x above
the value 0.5, the magnitude of the Meissner
signals begins to decrease (Fig. 3). These
magnetic data are in good agreement with
the electrical resistivity results (Fig. 2).

In Fig. 4 we show the hysteresis loop at §
Kupto 5.4 T of the (Tly sV, 5)Sry(Cag Y, ,)
Cu,0, sample. The intragrain critical cur-
rent density, J ), has been estimated us-
ing the Bean model (10) based on the magne-
tization measurements. Assuming the grains
are spherical, J g values can be calcu-
lated by the formula (10):

Jc(inlra) (A/sz) = 30 AM/d,

where AM (emu/cm?) is the magnetization
difference for the increasing and decreasing
field sweeps and d is the average diameter
(cm) of the grains. The intragrain critical
current density at 5 K and H = 1 T for the
(Tly sVy.5)S1(Cag 3 Y, ,)Cu,O, material was
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F16. 3. Meissner signals (field-cooled) for powder samples of (T1;_.V,)Sry(Cag 5Y,,)Cu,0, measured
by a SQUID magnetometer in an applied magnetic field of 10 Oe.

calculated to be 1.5 x 107 A/cm? when a In Fig. 5 we show the XRD patterns of
current loop size of 1 um was used, which samples with nominal compositions of
was estimated from a scanning electron mi- TISr,CaCu,0, (a) and a series (TI,_,
croscope. This value is comparable with V,)Sry(Cay,Y,,)Cu,0, (x = 0, 0.2, 0.5,
that of sintered YBa,Cu,0,_; and YBa, and 0.7 in samples b to e. Under our

Cu,O; (11). preparation conditions, the TISr,CaCu,0,
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Fi1G. 4. Hysteresis loop at 5 K up to 5.4 T of the (Tl 5V 5)Sr»(Cag 5Y( 2)Cu,0, sample (sample weight
= 0.0687 g).
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Fi1G. 5. XRD patterns of the nominal compositions
of the TiSr,CaCu,0, (a) and a series (TI,_,
VISry(Cay Y, 2Cu0, (x = 0,0.2,0.5, and 0.7) in sam-
ples b to e. (A and X represent the unidentified and
pyrochlore SrVO,-type impurity, respectively.)

compound is multiphasic. One phase (indi-
cated by @) can be indexed on the tetragonal
TiSr,CaCu,0, phase (2). The concentration
of the unidentified impurity phase (marked
A in Figs. 5a and 5b) in TISr,CaCu,0, can
be reduced by ca. 20% of yttrium substitu-
tion into calcium in TISry(Cay5Y,,)Cu,0,
[Fig. Sb]. Further substitution of 10-30%
vanadium into the thallium sites results in a
considerable reduction in the levels of the
impurity phases in T1Sr,CaCu,0, [Fig. 5¢].
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Unfortunately, in addition to the vanadium
incorporation into the thallium sites in
TISr(Cay5Y,,)Cu,0,, we also have ob-
served the formation of a pyrochlore SrvO,-
type impurity phase (6) (marked by X in
Figs. 5c to Se). This phase appears to always
compete  with the superconducting
(T1, _,VJISry(Cay3Y ,)CuyO, phase for va-
nadium. This is illustrated in Figs. Sc, 5d,
and Se. From our previous electron energy
dispersive X-ray spectrometry studies, it
was shown that the actual chemical compo-
sition corresponding to a nominal composi-
tion (Tly sV, s)Sry(Cay5Y,,)Cu,0, was, in
fact,  [Tly.716)¥0.2701571.959)[C 867) Y 0.143))
Cu,O, (6). Across the series of the
(T1,_,V)Sry(Cay Y, ,)Cu,0, samples, the
superconducting phase is based on the
TISr,CaCu,0,-type structure and the c¢ lat-
tice parameters decreasing and the a lattice
parameters expanding with increasing of va-
nadium concentration were also observed.
These results suggest that the smaller V**
(0.63 A) or V5* (0.59 A) ions partially re-
place the larger TI** (0.95 A) sites resulting
in a decrease in the c lattice parameter. In
contrast, we propose that the partial substi-
tution of vanadium for the thallium leads to
a decrease in the hole concentration in the
Cu-O plane and a corresponding increase
in the q lattice parameter. Measurements of
the normal state magnetic susceptibility of
this new high-T, oxide system may help to
evaluate the valence state of the vanadium
ion.
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