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TI--hi-Sr-Cu-0 (M *a Cr or V) samples were prepared from ultrafrne Cu powder and T12C03, and 
s t d i d  by TEM, ED, and XRD. The results indicate that the samples consist mainly of 1201 phase 
and3 a small amount of a tetragonal phase with larger cell parameters a = 0.39 nm and c = 3.0 nrli. 

T ~ ~ J s  phase is believed to be Sr-based 2212 phase, wlnich is related to  the superconductivity at liquid 
nitrlugen temperature 

1 - Introduction 

It L% ~ v e l l p w n  tha t  Ca-free T1Sr2Cu0, with orthorhonibic structure is easy t o  form [I]. 
By it:j,-'Composltlon, the Sr-based 1201-type compound is similar t o  superconducting 
Tl~a- ;CuO, ,  but its resistivity only decreases with decreasing temperature and exhibits 
meOrallic behavior. I t  is not superconducting in spite of improved preparation conditions. 
However, interestingly, by partially substituting Cr or V for T1, nominal (T1,M)SrzCuO, 
(M = Cr or V) samples exhibit a two-step superconducting transition a t  40 to  50 K and 
n e a ; ~  liquid nitrogen temperature [2, 31. It  is imaginable tha t  the phase responsible for 
the former superconductivity is the Sr-based analog of TlBazCu05 (1201 phase), and the 
p h m .  for the latter is the Sr-based 1212 phase or another phase like a Ba-based super- 
conud~lcting phase, because T, of only the 1212-type phase, for example, T1Sr2CaCu207 
141 ;and T1Sr2(Sro.s~.5)Cu20z (R = rare earth elenlents) [5 to 71 is near or above liquid 
nitrwgen temperature. Previously, in our work [J], the X-ray diffraction patterns of nom- 
inal (T1,M)Sr2CuOZ (M = Cr or V) samples were indexed with the tetragonal 1201-type 
indims, but some peaks could not be indexed well and the superconductivity at liquid 
nitmqen temperature was not explained reasonably. The unindexed peaks may be re- 
latecd to the superco~lductivity at  liquid nitrogen temperature. In this paper, we report 
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The effects of vanadium or  chromium on the formation, electric properties and super- 
conductivity of Pb3212 phase (Pb2Cu)Sr2(C~.sYo.s)CuzOz are studied. The sites 
of V or Cr in Pb0-CuOs-Pb0 structure unit for Pb3212 phase ia also investigated. 
Compared with the effects of Cr-doping, V can totally substitute Ca to form a new com- 
pound Pb2Sr2(Vo.sYo.5)Cu30,, and V has relatively greater substitution amount in 
(Pb2-zMz)Sr2(Cao.~Yo.5)Cu30z (M = Cr or V). Moreover, the resistivity and super- 
conductivity of the above samples decrease with increasing V or Cr amount. Among 
them, the effects of V is greater, and its location (in Pb or Ca site) also affects greatly 
the superconductivity. 

2 

1. Introduction 

Since the first superconducting lead cuprates, Pb2Sr2YCusOs+a (3212 phase, 
(Pb2Cu)SrzYCu208+6), were discovered by Cava et al.,' a variety of new lead 
cuprates including 1201, 1212, 1222, 2212, 2222, 3201, 3212 and 3222 phases have 
been ~ ~ n t h e s i z e d . ~ ~ ~  However, it is not alwasy easy to obtain the Pb3212 and 
Pb-3222 samples exhibiting good, reproducible superconducting properties because 
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Abstract We have successfully synthesized a new (Hg,V)- 
based 1212-type cuprate (Hg, -,VJ Srz(Y1 -,Cay) Cu,O,. 
The electrical resistance measurements showed that some 
of the as-synthesized materials with proper Hg/V and 
Y/Ca ratios exhibit weak superconductivity. Oxygen-an- 
nealing significantly improved their superconducting be- 
havior, and T,( ,,.,, up to 110 K was observed. The 
lattice parameters of (H V)-1212 were found to be in the f order of a = 3.8415(1) and c = 11.8514(6) A. Substitu 
ting mercury atoms by vanadium ones results in an im- 
portant increase of the a parameter and an important 
decrease of the c parameter compared to the known Hg- 
based Sr-bearing compounds. The crystal structure of 
(Hg, V). 121 2 was refined by Rietveld refinement against 
X-ray powder data using the tetragonal symmetry of 
space group #'4/mmm. The V and Cu valence states and 

uctivity in this new (Hg, V)-1212 cuprate are 

PACS: 74.704; 74,70.Vy; 74.60.Mj 

I - . *. 
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Introduction 

Following the discovery of 94-K superconductivity in 
HgBa2Cu04+* [I] and the observation of 133.5-K super- 
conductivity in the Hg-Ba-Ca-Cu-0 system [2], an inten- 
sive effort was given by an important number of re- 
searchers, and many new superconducting Hg-based ma- 
terials were synthesized, including the 1212-type Hg-based 
Sr-containing compounds (Hg, M) Sr2(Ca, R) Cu2O6 +d, 
where M and R stand for metallic ion and rare-earth, 
respectively. The followings are some of them: (Hgl -.MJ- 
Ba2(Y0.6Ca0.4) Cu206+6 (M = Ca + Cu) C31, (Hgl -xCu3 
Ba2(Ndl -,.Cay) C ~ 2 0 6 + 6  141, (H&.sT~o.s)-S~Z(YI -,C%) 
C u 2 0 6 + 4  [51, (Hgo.4Pr~.6) -,Pry)-Cu206 +* [61, 
and (Hg, -.BiJ Sr2(Y1 -,Cay) C U , O ~ + ~  C7-91. 

The Hg-based family is structurally analogous to the 
T1-based family with T I 0  mono-layer. According to our 

experience with the 1212-type, especially, Tl-based cu- 
prate superconductors (see for example, [lo]), where 
chemical substitutions result in new compounds with even 
higher T,, we believe that many new Hg-based com- 
pounds using this technique will be synthesized, and high- 
er T,'s may be achievable with the right elements of 
substitution. As effective substitution elements, Cr,V, and 
Mo have the special capability to form superconducting 
cuprates and to enhance T, [11-141. Single elemental 
substitution in the Tl-based Sr-bearing 1212 cuprate may 
enhance T, to above 100 K (see, for example, [ll]). It is 
reasonable to surmise that similar Hg-based 1212-type 
cuprates substituted with these elements could also form 
and might exhibit higher T,. We recently successfully 
synthesized and characterized a new (Hg, Cr)-based 1212- 
type cuprate (Hg, Cr) Sr,(Y, Ca) [IS], in which, 
however, superconductivity was not clearly detected. We 
were also successful in the synthesis of (Hg, -based 1212 
cuprate (Hg, V) Sr2(Y, Ca) CuZO6 +*. This cuprate exhibits 
Tc(om,l) up to 110 K. To the best of our knowledge, this 
Tee,,,,) is the highest one ever reported for a (Hg, M)- 
based Sr-containing 1212-type superconductor. We report 
herein on the synthesis, electrical measurements, and 
structure refinement of this new (Hg, V)-based 1212-type 
cuprate (Hg, V) Sr2(Y, Ca) Cuz06 + d, and discuss briefly 
the valence states of Cu and V and the superconductivity 
in this new cuprate. 

Experimental 

Samples with nominal compositions (Hg, -,V& 
Sr2(Y, -,Cay) Cu20, were synthesized by a two-step solid 
state reaction method. Precursors Sr2(Y,-,Cay) Cu20, 
were first prepared using high purity powders of Sf(N03)2, 
Y2O3, CaO and CuO as starting materials. Appropriate 
amounts of chemicals were mixed in an agate mortar and 
fired in a preheated furnace at 750 "C under flowing gas of 
oxygen until the strontium nitrates were completely de- 
composed (about 3 h). Then, the temperature was grad- 
ually raised to 900-920 "C and the sample was maintained 
at this temperature for about 18 hours before being pulled 
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We have succtssfully synthesized a new 1212-type (Hg, Cr)-based cuprate (Hg, -,Crx)Sra(Ca,-yYy)CU106+, (0.1 SxS0.5 
and 0.1 5 ~ 5 0 . 5 ) .  According to X-ray diffraction data, the samples with x2O.Z and yS0.2 are 90-95s pure 1212 phase. The 
structure of the (Hg, (31-12 12 compound is tetragonal of s p a a  group P4/mmm Depending on the nominal composition, the 
lattia parameten are in the order of a= 3.8526 A and c= 1 1.8 194 A Refmements of the structure show the presence of two extra 
oxygen atoms O(3) and O(4) in the (Hg, Cr) layer at  the position (1, f ,  0) and ( f ,  0, O), respectively. The (Hg, Cr)-I212 
samples are not superconductin& and show a semiconducting behavior instead. The non-superconductivity of the samples is 
explained in t ern  of the concept of mixed Cu2+/Cu3+ valence. 

1. ~ntkuction the Tl-based family with T l0  monolayer. According 
to our experience with the TCbased cuprate super- 

Putilin et al. [ 1 ] reported on March 1993 the dis- conductors, where chemical substitutions result in 
covery of a new mercury-based superconductor new compounds with even higher T, we believe that 
HgBa,C~O~+~with T,,, up to 94 K, the highest ever many new Hg-based compounds will be synthesized 
observed in a 1201-type cuprate superconductor. This using this technique, and higher T.'s may be achiev- 
was the first member of the homologous series Hg- able with the right elements of substitution. Also, in 
Ba2&,-lCu,02,+2+d with T,,, as high as 134 K the course of searching for new mercury supercon- 
observed later by Schilling et al. [2]. Since then, in- ductors, it is obvious that non-superconducting com- 
tensive work has been wried '  out on the new mer- pounds may be first obtained, such as Hg- 
cury family and many new p%ses have been isolated. Ba2RCu206+d (R=Rare Earth), as reported earlier 
In the 1212-type structure, several compounds have by Putilin et al. [lo]. 
been found so far, for example: (Hg,-,M,)Ba2- Chromium as an effective element of substitution 
(Yo.6~.4)Cu2)6+d(M=Ca+Cu) [3] ,  (Hg, -,Cu,)- was first used in the T1-Sr-Ca-Cu-O system [I 1,121. 
Bal(Ndl -yCa,,)C~206+d [4], (H&.5Tlo.5)Sr2(Y I A large enhancement of T, was observed in the 120 1- 
c+)c%o6+d [ 5 1, (Hgo.4Pro.6)Sr2(Srl -,Pry )Cu2- type compound (Tl, Cr )Sr2CuO~ (40-250 K, a Tc of 
06+, [6], and (Hg, -~i,)Sr2(Y,-yCay)C~206+d [7- 77 K was also observed), and the 121 2-type com- 
91. pound (Tl, Cr)Srz(Ca, Cr)CuzO, ( 110 K). R e  

The Hg-based family is stmcturally analogous to  cently, Shimoyarna et al. [I31 reported the synthesis - of a new 1201-type (Hg, Cr)-based superconductor 
* Comsponding author. (Hg,-xCrx)Sr2Cu04+d (58 K, forx=0.3). We stud- 
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Abstract 

The (Hg, Pb) based 1212-type cuprate (Hg, Pb)Sr2(Ca, Y)CU,O~+ with To,,, up to 100 K was synthesized. The effect 
of 0 annealing on 7'' was studied. Rietveld refinements of the structure were carried out with a tetragonal structure of space 
group P4/mmrn. A local disorder was observed in the (Hg, Pb)06 layers. Better refinement results were obtained using 
models in which ( ~ g ,  Pb) atoms and 0(3) atoms are shifted off their ideal positions from (0.0, 0) to ( x ,  0.0) or (x, x, 0) 
and from (), ), 0) to (x', ), 0) or (x', d, 0). respectively. The refined composition is (Hg0,~,Pbo~MOC~0,M9)~r~- 
(Yo,,~a,,6,,~go~,,)Cu2066~. According to the mixed valence concept of cu2+/'+ and Pb2+/'+, Pb is most likely at 4 + 
valence. 

1. Introduction 

The discovery of superconductivity in the mer- 
wry-based materials HgBa,Ca, - ,Cu,O,, + + with 
Tc's as high as 135 K [1,2] was immediately fol- 
lowed by the synthesis of an important number of 
new Hg bearing compounds. The T, of 135 K and 
the results with T, up to 164 K under high pressure 
[3,41 gave some hope that Tc can still go higher. A 
lot of attention. has been given to the barium-contain- 
ing mercury-based system Hg-Ba-Ca-Cu-0 which 
is studied in detail. Many papers reported on the 
synthesis, superconducting properties, characteriza- 
tion, and structural detennination of the different 
member of this series. The valences of Hg, Ba, and 
Ca of 2 + , 2  + , and 2 + makes it easy to determine 

Corresponding author. 
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the copper valence based only on the amount of the 
extra oxygen atoms O(S) located in the mercury 
layer. A simple equation, u, = 2 + 2S/n, gives the 
average valence of copper in the different members 
of the series HgBa2Ca,-,Cu,0,,+2+6. 

On the other hand, (Hg, M)Sr,(Ca, R)Cu,O,+, 
(M = metallic element; R = rare earth) had received 
less attention probably because of their T,'s which 
are generally lower than those of their analogues in 
the Hg-Ba-Ca-Cu-0 system. The structure and 
electrical properties of (Hg. M)Sr,(Ca, R)Cu2O4+ 
still need to be studied in more details. 

As part of our continuing efforts to understand the 
physical and chemical properties of high-T, oxide 
superconductors, the (Hg, Pb)Sr2(Ca, Y )Cu,O, + , 
compound was chosen to be the object of a detailed 
synthesis, characterization, and structural study. m e  
1212-type cuprate (Hg, Pb)Sr,(Ca, Y)Cu,O,, . was 
first synthesized by Hu et al. [5], who found dlat 



Crystal structure and T, of 1212-type cuprate 
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Abstract 

The crystal structure of the 1212-type cuprate (n,Cr)Sr2(Ca,'Tl)Cu20, was investigated using X-ray diffraction data and 
the Rietveld refmement technique. Thc refinement was performed using the tetragonal symmetty of space group P4/mmm, 
It was found that Cr atoms entered the Tl site while partial Tl atoms occupied the Ca site. (m,Cr) a tom displaced from the 
origin to (0.10!(1), 0, 01, and 0(3) shifted from (0.5. 0.5, 0) to (0.626(8), 0.5, 0). The refin~d lattice parameters were 
a = 3.8155(1) A and c = 12.0222(5) & The refined composition was (Tlo,,,,Cr o,,,Cao~,)Sr,(Cao,,,~0,15B)Cu207' (3r 

atoms wen most likely to be at a high valence state. The enhanament of T, in the (T1,Cr)-1212 cuprate is briefly discussed 
based on the structure parameters by comparison with the undoped TISr2CaCu,0,. 

4 
1. Introduction 

Soon after the discovery of the 125 K TlBaCaCuO 
system [I], the TlSrCaCuO system was also found to 
be superconducting [2]. There are two homologous 
series of Tl-based superconductors: double-(T10),- 
layer 11, Ba2Ca,- ,Cu,02, +, and single-T)O-layer 
TLBa2(or Sr2 )Can, ,Cu,O,, + , [3-71: The latter is 
called 1212 phase when n = 2, for both Ba and Sr 
versions. Unlike its counterpart TIBa2CaCu207, 
however, TlSr,CaCu,O, is hard to prepare in the 
pure form [2,8-101 It has been proved that doping 
with other elements can improve the situation signif- 
icantly. For example, Pb-doped 1'1SrCaCuO forms 
1212 phase (Tl,Pb)Sr2CaCu20, with T, up to 85 K 
[lo-131 and rare earth(Rkdoped TlSrCaCuO fonns 
1212 phase T1Sr2(Ca,R)Cu,07 with T, of 90 K 

Corresponding author. 

114-161. Moreover. double substitution of Pb for Tl 
and R for Ca may &ve T, up to 105 K [16,17]. It 
was found that doping with V, Cr or Mo can also 
effectively promote the formation of 1212 phase and 
improve T, [la-201. Single Cr, V, or Mo doping 
may improve T, to above 100 K The Cr-doped 
TlSr,CaCu 2 0 7  exhibits T, as high as 110 K (181. In 
addition, V- or Cr-doped 1201 and 1223 type corn- 
pounds were also synthesized [21-261. Therefore, 
there is a new series of TI-based superconducting 
cm-pmds (n,~xSr,Ba), Ca, - ,CunO,, , , with D 
= d-element, which may be of importance in practi- 
cal applications (see Refs. [23] and [27], for exam- 
ple). Although the previous work (X-ray diffraction) 
showed the dominant existence of superconduding 
phases, the detailed crystal structures remained to be 
determined. We recentlv conducted Rietveld refme- 
ment based on X-ray diffraction for the CI-doped $ 
1212-type compound (Tl,Cr)Sr2CaCu207. In this pa- -$ 4 
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Enhancement of Tc in (Ga,Hg ) Sr, (Y,Ca) Cu,O, by Hg doping 

0. Chmaissem, 2.2. Sheng * 
Department of Physiies. Universily ofArkanr~c. Fayetteville, AR 72701. USA 

Received 7 October 1994; revised manuscript received 28 November 1994 

Abstract ! 

We synthesizeda new 1212-type cuprate (Ga, -,H&)Sr,(Y, -yCay)Cu207. Partial substitution of divalent Hg for trivalent Ga 
simplifies the synthesis conditions of the 1212 compound and enhances its T,,, up to 88 K Similar toGaSrl(Y,Ca)Cu107, its 
structure is orthorhombic of space group lma2. The lattice parameters arc in the order of 64~bpJ2~cp,/2,  ( p  refers to a 
primitive perovskite). No phase transition (orthorhombic -+ tetragonal; large unit cell -+ reduced unit cell) wasobserved when 
varying the ratios Ga : Hg and/or Y: Ca. 

1. Introduction 

The Ga based 12 12-type cuprate, GaSr2Y Cu207, 
b a s  first reported by Roth et al. [ 1 ] and by Vaughey 
et al. [2]. This cuprate becomes superconducting 
when the Y site is doped by Ca. 
GaSr2(Y,-xCax)Cu207-6 with x=0.2 exhibits a T, 
in the order of 30 K [2]. Increasing the amount of 
calcium up to 0.8 results in an important increase of 
T,, up to 70 K [3]. A unique feature of this cu- 
prate is that gallium atoms are tetrahedrally coordi- 
nated by oxygen, i.e. the M-O6 octahedra seen in the 
TI based and Hg based cuprates are replaced by Ga- 
0, tetrahedra. The Ga based 12 l 2 compound is found 
to crystallize in the orthorhombic symmetry of space 
group Ima2 [1,2]. The lattice parameters are in the 
order of 6% x 4,/2 x cpJ2, where a,,, bp, and cp are 
the unit-cell ,parameters of a primitive perovskite. 
This doubled unit cell (with respect to those of Tl 
based and Hg based 12 12-type compounds) is due to 
the tendency of the gallium-oxygen planes to be ar- 

- .  
Corresponding author. 

ranged in a noncentrosymmetrical fashion within one 
unit cell. 

The synthesis procedures of the superconducting 
GaSr, (Y,Ca) Cu,O;reported by the different groups 
were somewhat complicated and time consuming. 
Heating periods as long as three weeks followed by 
high-pressure annealing (200-300 atm) in pure ox- 
ygen for about 24 h were necessary for the obtention 
of the desired phase, as reported by Dabrowski et al. 
131, for example. A recent report by Isobe et al. [4] 
seems to be simplifying the synthesis procedures with 
heating the nominal sample first at 9500C for 3 days, 
second at 1000°C (in oxygen) for another 3 days, and 
finally heating in oxygen at temperatures in the order 
of 1000-1 10WC for an additional 3 days. However, 
the highest T, 4, reported so far is around 70 K. 

In this paper, we report on the synthesis of a 
new (Ga,Hg) based 12 12-type cuprate 
(Ga, -xH~)Sr2(Y,-yCay)Cu207 (using the sealed 
quartz tube technique) and the enhancement of its 
T, ,, up to 88 K as the result of doping with mer- 
cury. Powder X-ray diffraction showed that the new 
(Ga,Hg) based 12 12-type cuprate adopts the same 

092 1 -4534/95/$09.50 0 1995 Elsevier Science B.V. All rights reserved 
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The dependence of resistance on temperature has been measured for a TI-system 2223-phase - 

Ag-sheathed tape with Jc(Jc= 1.5 X 1 o4 A/cm2, 77 K, 0 T) in an applied magnetic-field range from 
0 to 0.8 T. The experimental results can be explained in terms of the thermally activated flux creep 
model. The relationship between pinning potential Uo and the applied magnetic field H oriented 
parallel to and perpendicular to the tape surface is, respectively, Uo11=0.12~-0.22 eV and 
~ ~ , = 0 . 0 6 5 ~ - ~ . ~ ~  eV. The relationship between pinning potential U a d  T follows: 
U(T,H) = Uo(H)(l - t )  ( t=  T/To,T{= 14 1 K). When H and the measuring current I are laid in the 
same tape surface, the broadened resistive transition is independent of the configuration between 
H and I, namely. an energy dissipation is independent of a macroscopic Lorentz force. The 
phenomenon is accounted for according to the two-dimensional pancakelike vortex-antiw;;,.. 
model based on the characteristic of a stronger intrinsic plane pinning of layer 
superconductors. Q 1995 American Institute of Physics. 

I. INTRODUCTION 

The flux line will move due to &e action of thermal 
activation and Lorentz force when the high-Tc superconduc- 
tor (HTSC) lies in mixed state; so, it will cause energy loss, 
namely, dissipation. This property is similar to a traditional 
low-Tc superconductor (LTSC); however, the Tc of HTSC is 
so high that the flux motion of HTSC is more serious than 
that of the LTSC: It experiences the so-called "giant flux 
creep."' On the other hand, the very short coherence length 
and the high anisotropy of the HTSC result in the complexity 
of the Hux pinning and the motion of the HTSC. The dissi- 
pation owing to the flux motion seriously restricts the capa- 
bility of carrying a large current of the HTSC in a magnetic 
field. In order to make the HTSC have more practical appli- 
cations within the liquid-nitrogen temperature (LNT) range it 
is necessary to study the flux pinning and motion of the 
HTSC. So far, the Bi-system 22 12 single crystal and film and 
Y-system single crystal and have been investigated. 
Recently Hu et aLs have studied the Bi-system 2223-phase 
Ag-clad tape. For the T1-system superconductor, because of 

II. EXPERIMENTAL TECHNIQUES 

Fist, the T1-Ba-Ca-Cu-0 2223-phase bulk materials 
were prepared by the method of solid-state reaction,' then 
the bulks were pulverized. The thin tapes with thickness 
from 0.12 to 0.14 mm were prepared by the powder-k-tube 
method described ib' Ref. 8. The x-ray pattern of the tape 
after the surface Ag was removed and the scanning electron 
microscopy (SEM) frachlre image of the tape shows that the 
grains in the tape are of definite c-axis preferred orientation. 

The resistance measurements were carried out by'means 
of the four-probe method. The size of the sample wag 25x3 
X0.12 mm3. The temperature range from $0 to 300X was 
obtained by means of cryogenic refrigerati041 equipment. The 
magnetic fields from 0 to 1 T were provided by a magnet. 

When the contact resistance betwe?? +h: 8urface 4g and 
the superconducting grains was not considered, tlie rucasured 
resistance value was the composite resistance of the Ag and, 
the superconductor, so the resistance value of the supercon- 
ductor is equal to that with the surface Ag resistance takep 
out of the measured resistance value. 

the easy evaporation and the toxicity of T1, others only fun- 
damentally studied a bulk materiaL6 Few people have hlly Ill. RESULTS AND DISCUSSION 

- - 
explored the Tl-system composite tape. Figure 1 shows the curves of the broadened r~sistive 

We have prepared highJ, (Jc= 1.5 X lo4 A/cm2, 77 Ic, transitions when the superconducting tape was laid i!.diffe'r- 
0 T) T1-system 2223-phase Ag-clad tape by the powder-in- ent magnetic fields. Figure l(a) shows that the  fields'^ afe 
tube method. The grains in the tape have better c-axis pre- parallel to the tape surface and perpendicular to the current- 
ferred orientation. measuring I. Figure l(b) shows that the fields are perpeg- 

We have measured the broadened resistive transitions in dicular to the tape surface. Figure 1 shows that the resistive 
the magnetic fields and explained the experimental results in transitions become broader with the increqse of the, fields. 
terms of the thermally activated flux creep model and given Meanwhile, it also manifests that the bmadened resistive 
the pinning potential within the magnetic-field range from 0 transitions of the Tl-system 2223-phase tape rue of s$onger 
to 0.8 T. The dissipation for the H and the I lying in the same anisotropy. The broadened resistive transitions for $e HL 
tape surface and the H parallel to the I has been discussed. tape surface are more obvious than thrice for the tape 

1658 J. Appl. Phys. 77 (4), 15 February 1995 0021 -8979/95177(4)/1858/4/$6.00 Q 1995 Arnekan Institute of &sics 
.I . . 
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RAPID SYNTHESIS OF NEARLY-PURE HIGH T, SUPERCONDUCIDR 
H@%CIJO,~ AT AMBIENT PRESSURE! IN AN OPEN S Y m M  

Z.Z.Sheng, Y.F.Li and D.O.Pederson 

Department of Physics, and University of Arkansas, ~a~etteville, AR m01, USA 

(Received 28 November 1994; accepted 27 March 1995 by R.C Dynes) 

Nearly-pure 1201-type cuprate HgB2&u04, was successfully s y n t h b d  at ambient 
pressure in an open system, and was characterized by powder x-ray diffraction 
analyses and by resistance and ac susceptibility measurements. The lattice parameten 
are n = 3.8742(5) A and c = 9.4798(11) A, and the T,,, is up to 95 K. The results 
of the praent experiment are instructive to the understanding of the formation 
mechanism of Hg-based superconductors, and thus to the preparation of existing Hg- 
based superconductors and to the search for new Hg-based high T, superconducton. 

Keywords: A high-T, superconductors, B. chemical synthesis. 

The discovery of 94-K H@a@04, (ref. 1) has 
lead to a new family of Hg-based superconductors 
including the homologous series H&Ca,,Cu,% +2M 

(ref. 2) which are isostructural to the moneTl0-layer 
superconducton ~ C a , , C u , O , + ,  (ref. 3). Since the 
Hg-based superconductors exhibit higher T, up to 135 K, 
and under very high pressures, up to about 160 K~.', they 
have ttracted much attention of superconductor 
comm&ty. Hwmcr, the preparation of these new 
materials is very delicate because the decomposition of 
HgO at low temperature (500 "C). Until this date, the 

4 superconducting Hg-based samples were prepared, 
without exception, under pressure in a sealed container 
(for example, in a sealed quartz tube)u41a. In this 
communication, we reported that Hg-1201 phase can 
form at ambient pressure, and that we havc successfully 
prepqcdsuperconducting H@%Cuo4 samples with even 
nearly pure Hg-1201 phase in an open system 

Soon after the TI-Ba-Cu-0 and Tl-Ba-Ca-Cu-O 
high-T, superconducting systems were d i s~ove red '~~~ ,  in 
order to explore new and even higher T, 
superconductors, we carried out extensive elemental 
substitutions for the TI-based systems. Among them are 
elemental addition experiments of Zn, Cd, or Hg into 
the n-Ba-Cu-0 system". In the Hg-added TI-Ba-Cu-0 
samples, we observed 85-K zero-resistance temperature 
and 95-K onset-temperature which were higher than 
those reported for an un-added ll-Ba-Cu-O samples. 7 We thus concluded' that "Hg-addition can slightly 
increase T, of the samples by 3-5 K if a proper 
preparation procedure is used." S i  only preliminary 
powder x-ray difiaction analyses were carried out for 
the samples, the details of structure and ~mposition of 
the 95-K !iipercanducling phase in the Hg-added Tl-Ba- 
Cu-0 samples remained t6 identify. T%e discovery of 
the Hg-based superconductors, led us to surmise that the 

phase responsible for the 95-K superconductivity in our 
Hg-added TI-Ba-Cu-0 samples is just the Hg-1201 
pbase. However, all the Hg-Ba-Cu-0 samples were 
prepared in a dosed system as mentioned above, 
whereas ow Hg-added n - B a a - 0  samples were 
prepared in an open system (ie in flowing oxygen or in 
air). Therefore, the key question is whether or not the 
Hg-1201 phase can form in an open system For 
answering this question, we camcd out extensive tests, 
and demonstrated that Hg-l201 phase, even nearly pure 
Hg-1201 phase, do form at ambient prusure in gn open 
system. This result not only confirms that the 95-K 
superconductivity which we observed in the Hg-added 
TI-Ba-Cu-0 system" originates from Hg-1201 phase, but 
also is instructive to the understanding of the of 
formation mechanism of Hg-based superconducto~~, and 
thus to the preparation of existing Hg-based 
superconductors and to the search for new Hg-based 
high T, superconductors. 

Hg-Ba-Cu-0 samples were prepared using a two- 
step procedure similar to that of ref. 17. In a typical 
procedure, a precursor with nominal composition of 
Ba,CuO, was first prepared with Ba(N0d1 (or BaOJ 
and CuO by heating at 850 "C for 8-12 hours in flowing 
oxygen, and the precunor was then mixed with about the 
same weight of HgO, ground fin a dry box), and 
pelletized. The nominal HgBa#h04 pellet was put in a 
quartz tube (with an end scaled), quickly introduced into 
a preheated (800 - 900 v) tube furnace (in a hood) with 
or without flowing OD and heated for 45-90 seconds, 
followed by quickly pulling the quartz tube out the 
furnace and cooled in air to room temperature. Thc 
samples were stored in a small bottle for protecting from 
moisture, and were thcn subjected to resistance, ac 
susceptibility, and powder x-ray diffraction measure- 
ments, as soon as possible. Resistance was measured by 
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Abstract. Agclad (TI, V)(Sr, Ba)~CapC~O, tapes were fabricated by a 
powder-in-tube process. The tapes exhibited no discernible favourable texture. 
Critical current density (J,) values at 77 K were < 2000 A ~ r n - ~  and were strongly 
influenced by heat treatment temperature and time. Pressing before the final 
annealing reduced the tape thickness and increased the J,. 

1. Introduction 

Since the discovery of high-temperature superconducting 
oxides by Bednorz and Mdler [I], many' attempts have 
been made to fabricate wires or tapes fiom these oxides. 
Among the attempted fabrication techniques. powder-in- 
tube meth* have become widely used because they are 
simple, effective, and easily scaled to production of long 
lengths 12-16). 

TI-based 1223 superconductors are often selected as the 
core material for tape production because of their attractive 
high critical temperature (T,) and critical current density 
(J,) and relatively high ineversible magnetic field [5,& 
11,14-181. Recently, we successfully synthesized V-doped 
TlSr2CazCu30, [19], in which the V was substituted on 
the TI site. When compared with undoped TlSrzCazCu30, 
[20], Tc is raised from 94 to 105 K and the irreversibility 
line is substantially increased 1211. We also found that with 
a small amount of Ba substituting for Sr, phase formation 
became much easier and T, was raised to r ~ ,  110 K 123. 

As-synthesized (TI,V)(Sr,Ba)zCa2Cu~Oy grains have 
tended to be plate-lie, often with lengths > 50 pm and 
aspect ratios > 10 [21]. Such grains are of interest because 
they may aIlow favourable alignment during mechanical 
processing. To date, powder-in-tube wires and tapes made 
fiom TI-based superconductors ,have exhibited relatively 
little favourable texture [3,9,10,14-161. V-doping of Tl- 
based superconductors also alte~s liquid-phase formation. 
(Formation of large plate-like grains is one consequence 
of the presence of a persistent liquid during synthesis.) 
Transient liquids have proved to be useful in the synthesis 
and sintering of high-T, superconductors [16,20.231. The 
goals of this work were to determine whether favourable 
texture could be induced by drawing and rolling a tube filled 

with %.~VO.SS~I,~SB~~.ZSC~ZCU~O~ ((T1, V)-1223) Powder 
and whether a sintering schedule could be found that would 
promote strong linkage of the superconductor grains. In this 
paper, we report some of our results. 

2. Experimental methods 

('TI, V)-1223 was made by a two-step procedure. Fit, the 
nominal precursor Srl.,sBao.~Ca~Cu~O, was synthesized 
by mixing SrO, B a 4 ,  CaO and CuO, and sintering the 
resultant powder at 870°C for 72 h in flowing 02, with 
intermittent grinding every 24 h. Tlz03 and V2O3 was 
then mixed into the precursor. To compensate for 
volatilization, 25% excess T1203 was added to the mixture. . 
The powder was pressed into a pellet, placed in a loosely 
covered AI2o3 crucible, fired at 970°C for 6 h in flowing 
4, and then cooled slowly to room temperature. The 
as-prepared material was nearly pure 1223 phase with 
T, = 1 10 K 1221. 

The W,V)-1223 pellet was crushed into a powder, 
which was loaded by vibration and ramming into closed- 
end, 6.35 mm outer diameter, 4.35 mm inner diameter Ag 
tubes. To drive out moisture, the filled'tubes were heated at 
700°C in flowing Oz for 4 h, after which the temperature 
was reduced to z 120°C and the tubes were removed from 
the furnace. Each tube was quickly capped and sealed 
by Ag soldering. A standard power-in-tube procedure was 
used to fabricate flat tapes [15,16]: the tubes were drawn 
into wires at = 1&15% reduction of diameter per pass; 
final diameters were 1-2 mm. After drawing, most of the 
wires were flat rolled into tapes of various final thickness 
[16]. After rolling, some tapes were pressed at z 1 GPa. 

Samples 3 cm long were cut from the tapes, capped 
with Ag foil to minimize loss of Tl, and heat treated. 
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We have successfully prepared the first three members of the mercury-based superconducting compounds Hg- 
a,Ca.-lC~.02.+2+b, namely Hg-1201, Hg-1212 and Hg-1223 with high purity and very good quality. The influence of the 
nthesis parameters is studied in detail. Using the sealed quartz tube method, very simple procedures are found to ensure a 

ucibility of nearly 100% pure Hg-1201 and 85-90% Hg-12 12 and Hg-1223. Oxygen annealing of the sample Hg- 
"C for 18 h results in an enhancement of its critical temperature up to 97 K. The symmetry of the first and second 
tetragonalwith lattice parameters a=3.8831(1) A, c=9.5357(2) A, and a=3.8624(1) A, c= 12.7045(2) A, respec- 
diffraction lines of Hg-1223 can be indexed in a tetragonal cell with a=3.8564( 1 ) A and c= 15.8564(9) A as well 

as in an orthorhombic cell withlattice parameters a= 5.4537( 1) A, b=5.4247(1) A, and c= 15.8505(7) A. 

Following the discovery of superconductivity with 
'T,=94 K in the one-layer HgBa2C~04+d compound 
$11, a variety of new mercury cuprates have been 
anthesized [2-10). HgBa2Cu04+d (Hg- 1201 ) is the 
%t member of the homologous series Hg- 
h2can-  IC~m02n+1+6. The Tco,,,tof the first, second 
$nd third members are 94 K, 1 v  K and 134 K, re- 
bctively. H ~ B ~ ~ C ~ , , - ~ C U , , O ~ , ; + ~  are isostructural 
h the TI based superconductors Tl- 
$a2can- ,cu.o~,,+~ [ 1 1.121 but unlike the thallium 
brnpounds the mercury layers are heavily oxygen 
$eficient. The structure of the Hg based supercon- 
$uctors HgBa2Can- IC~,02,+2+a can be described as 

sequence of layers: 
i 

Corresponding author. 

in which blocks (BaO)c(Hg06)o(Ba0)c having the 
rock-salt structure and a thickness of about 5.5 A al- 
ternate with blocks (Cu02),{(n- l ) (Ca),(Cu02)o} 
having a perovskite-like structure and an approxi- 
mate thickness [4.00+ (n- 1 ) X 3.161 A. The sub- 
scripts o and c indicate if the cation is at the origin or 
at the center of the mesh in each layer. All Hg-I20 1 
[13,14], Hg-1212 [3] and Hg-1223 [IS] are found 
to crystallize with symmetry of space group P4/ 
mmm. An orthorhombic symmetry was also pm- 
posed by Meng et al. [ 163 for Hg-1223. 

The research conducted on the thallium-based 
compounds showed that these materials offer a wide 
variety of possible substitutions on the different sites 
of their structures. Many compounds were prepared 
having their T, above 100 K. As we mentioned above 
many new mercury-related compounds were already 
successfully synthesized with T, around 100 K. Fur- 

m921-4534/94/$07.00 C9 1994 Elsevier Science B.Y. All rights reserved 
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Abstract 

(Hg, Bi)-based 12 12-type compound (Hh.67Bb3) Sr2(Yo.67(, ,Cao.33c I ,)Cu,O, +, was synthesized by using the sealed qua& 
tube method. The T,,-, based on resistance and AC susceptibility measurements was up to 100 K. Rietveld refinement3 of 
structure of (Hg, Bi)-1212 were carried out in the tetragonal symmetry with space group P4/mmrn. The 
a=3.80%0(8) Aand c- 12.0157(4) A. The refined Y:Ca ratio is 0.67(1) :0.33(1) while the refined oc 
oxygen atoms located in the (Hg. Bil-layer is 0.68(2). The results in the present experiment are explained 
of mixed Cu valencies. 

I 
1. Introduction 

The discovery of the Hg- 1201 cuprate superconduc- 
tor HgBa2Cu0, + ,, [ 1 ] was immediately followed by 
the synthesis of the Hg-1212 and Hg-1223 12-41. Sim- 
ilar to TI-based superconductors. there exists a whole 
series of Hg-bad  compounds with the general for- 
mula HgB+Ca,,- 1Cu,%+2+,,. ?he Hg-based com- 
pounds have a tetragonal structure and crystallize with 
the space group symmetry of P4/mmm. Samples of 
Hg-1223 with orthorhombi symmetry were also syn- 
thesized [5,6]. The critical temperatures of Hg- 1201. 
Hg-1212 and Hg-1223 are 94.127 and 135 K, respec- 
tively. High pressure experiments showed Tc up to 157 
K for Hg-1223 samples [7,8], which suggested that 
chemical substitutions could replace the effect of the 
high pressure and might tesult in higher Tc at ambient 
pressure. 

0921-4534/94/507.00 0 1994 E k v i u  Science B.Y. All rights reserved 
SSDIQ921-4534 (94)00307-2 

Chemical substitutions are very effective for tbe 
thesis of new cuprate superconductors. Accmdin 
the concept of average Cu valence. the 12 
cuprates may be written as (B, S,)(A. S2 
S3)C~206+x,  where B. A, and A' are metallic 
and SI. S,, and S, are substitutes [9]. Obv 
discovery of the new HG-based supercond 
certainly lead to various new Hg-based s 
tors. Several substituted Hg-based c 
ing substituted Hg-based 1212 com 
reported, for example. (Hg, -Jdx)Baz 
CU206+a (M=Ca+Cu) (90 K) [lo],  (Hgl 
Cux,)Bal(Ndl - x ~ ) C ~ 2 0 6 + ,  (1 10 K) [ 
(H&.sTb.s)Srz(Yi - x c ~ ) c u ~ 0 6 + s  [ 121, 
(Hgo.J'ro.6)Sr2(Sr, -ax)C~206+1(85 K) [I31 
reported. 

Pelloquin et al. [14] reported the synthes 

The sample with R=Nd exhibits T,(-, up t 
(R = Nd) . The samples prepared with R = Y 
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Powder of approximate composition no.~Vo.sSrzCa2Cu30, was synthesized in OZ at 970°C from a mixture of oxides of nom- 
inal composition ~ ~ V O . ~ S ~ Z C ~ Z C U J O ~ .  The onset T,  war 110 K. Magnetic hysteresis measurements indicated that above =60 K 
the irreversibility behavior was superior to that of TlBa2CazCu30, which has a T, of = 1 18 K. The individual grains were up to 
= 50 pm in length, with aspect ratios < 10, which may during fabrication promote texturing by mechanical means. 

1. Introduction 

1 Although 11 based superconductors with one TI-0 
layer exhibit better flux pinning than their two-Tl- 
layer counterparts, their irreversibility behaviors re- 
main inferior to that of YBa2Cu30x [ 1-41. Alloying 
can affect the irreversibility [3] and many elements 
have been substituted successfully into T1 supercon- 
ductors. For example, there are wide ranges of solu- 
tion between Ba and Sr, and betyeen Tl and Pb, Bi, 
or Cr [2- 1 1 1. These substitutions have caused Tc to 
decrease slightly, but in the case of no.,Pb0.,- 
Sr,.6&.4Ca2C~30n improvements in irreversibility 
[3] over TlBa2Ca2Cu30x [ 1,12,13 1 have been 
reported. 

We have recently synthesized a family of (Tl, 
V) (Sr, Ba) 2Ca2Cu30, (V doped 1223) supercon- 
ductors [ 14,151.Zero-resistance values were 100- 1 10 
K, with Ba additions raising Tc slightly. The work re- 

* Comsponding author. 
' Present address: Superconductive Components Inc., 1 145 
Chesapeake Avc., Columbus, OH 43212, USA 
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ported here includes details of new synthesis efforts ; 
for these V doped materials, microstructural c h a m  i 
terization, and magnetic measurements of Jc axid:!; 
irreversibility. Data are compared with those for -g 
pure T1Sr2Ca2Cu30x [5,6] and Tl~a,~a~Cu,Q;..:i 

-4 
[12,13,16]. .. 9 

:> .,& ; 
.3 

$ ;:3 . .I.+ 
%. 2. Experiments ..::a 
- 

T1203, V203, and Sr2Ca2Cu30xpowders with no 
inal composition T12Vo.5Sr2Ca2Cu30x were mixe 
an agate mortar [ 141. The resultant powder 
pressed into pellets 12 mm in diameter and 2 m 
thick. The pellets were placed into covered Ai 
crucibles, heated for 5 h at 970°C in flowing 02, 
cooled slowly to room temperature. During heat 
substantial T1 was lost from the pellets. 

For comparison with the V doped 1223, 
Sr2Ca2Cu30x (Sr-1223) and TlBa2Ca2C 
1223) powders were synthesized and char 
The Sr-1223 was prepared from Sr2Ca2Cu30x m 
with Tl2O3. The powders were fired in air at 750 

ed 
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1. Introduction 

the discovery of high-T, superconducti~ag oxides much effort has been made on the 

nductor is concerned, though its T,, (125 K) is the highest attained so far, because 

ed that the T1-system superconductolr has pinning as strong as the Bi-system 

2. Experimental Technique 

ration of T1-Ba-Ca-Cu-0 2223 single-phase bulk samples with T,, = 120 K 
ed in [3]. The 2223 single-phase pellets were pulverized and packed into three 

easurement of critical transport current was carried out by the standard four-probe 
The criterion for J ,  determination was defined as 1 pV/cm. J ,  was also measured 
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using ultrasonic methods, we studied the 4-295 K elastic constants of a "good" YlBa2Cu307 polycrystal. We report the bulk, 
shear. Young moduli and the Poisson ratio. Except for the Poisson ratio, all elastic constants show smooth temperature behavior. 
Near Tc, during cooling, the Poisson ratio decreases irregularly. Focusing on the bulk modulus B, we use simple t h e m o d v i a  

show that the hamlonic-observed decrement at T=O axxsponds to expectation, but the temperature effect dBldT is too large 
by about a factor of two. We attribute the slope to oxygen-atom reordering. Against many reports, our bulk-modulus 
value is approximately that found in monocrystals or that predicted by an ioniocrysd model calculation. 

1. Introduction They are key parameters in Landau's theory of sec- 
ond-order phase transitions [4]. In the theory of c c ~  

Elastic constants provide valuable infomation operative Jahn-Teller transitions, they Occupy a cen- 

about material behavior. On one side, elastic con- tral place 151. 
stants relate directly to the interatomic potential [ I ] .  For superconductors, elastic constants play addi- 
On another, they relate to practical problems such as tional key roles. Consider the now-classic BCS 
St"ss-~train, residual stress, and fracture [2]. ,411 expression for the normal-superconductive transi- . .; 
Processes that couple with strain affect the elastic tion temperature: I 

constants. T, =0.86eD exp( -2-'1 . 
Elastic constants provide a sensitive probe of phase 

( 1 )  

'mnsitions: electronic, magnetic, crystal structure [3).  Here, 0~ denotes the Debye temperature, which 

----c comes directly from the shear modulus G, atomic 
&rragonding author. volume V,, and mass densityp [6 1: 

09214~34/94/~07.00 O 1994 Elsevier Science B.V. All rights 
SSDl 0921-4534(94)001 59-D 
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ABSTRACT 
TISa~Ca~Cu30, (TI-1223) powder was synthesized in 0 2  from a 
mixture of T1203 and Ba2Ca2Cu30,. The peritectic melting 
point of TI-1223 in O2 is 905OC. I t  was found that the 
maximum phase conversion to the 11-1223 phase occurred at 
895-900°C. A small concentration of liquid was present a t  that 
temperature. Because of the rapid kinetics of T1-1223 
formation. CaO and BaCuO2 phases became isolated from the 
TI203 and thus remained in the final microstructure. In 
samples heated a t  895°C. the CaO and BaCuO2 proved to be 
eufficiently small to act as flux-pinning sites. 

MATERIAL5 INDEX: oxide, thallium, cuprate, superconducmr 1 

T1-based superconductors are highly promising for many high-current 
superconducting applications. The combination of their high superconducting 

I transition temperature (Tc) [I-31, inherently good properties in a magnetic field 
[4,5], and possibility for good transport currents in true polycrystalline conductors 
(6-111 has no equal among high-Tc euperconductors. TlBa2Ca2CugOx (Tl-1223) 
and its alloys have been emphasized because they exhibit the best critical current 
density (Jc) in applied magnetic fields [4-111. 

The T1-1223 phase can be formed directly (9-131, or by loss of T1 from 
Tl2BazCazCu3Ox or T12Ba2CaCu20x [14], possibly in < 1 h. The rapid kinetics are 
associated with presence of either T120 vapor or TI-rich liquid [8,12-171. In 
contrast, Bi-based superconductors do not generally form such vapors or liquids, 
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Abstract A new 1223-type (TI, V)-based superconducting 
layered cuprate (TI, - ,V,) Sr2Ca,Cu30, with x = 0.25 and 
0.50 has been successfully synthesized in the nearly-pure 
form and identified by powder X-ray diffraction analyses. 
An excessive quantity of TI is necessary for the prepara- 
tion ofthe (TI, Vbbased 1223-type compound. Resistance 
and ac susceptibility measurements showed that the new 
(TI, V)-based 1223 cuprate exhibits T, above 110 K. 

PACS: 74.70. - b; 74.70.V~; 74.60.Mj 

Introduction 

It is very interesting that Cr has the capability to 
fonn Tl-bafef superconducting compounds by partially 
substitution for T1. We synthesized 1201 phase 
(TI, Cr)Sr,CuO, with T, of 40-50 K [I]  and 1212 phase 
(TI, Cr)Sr,(Ca, Cr)Cu,O, with T, up to about 110 K 
[2]. Recently, we successfully synthesized 1223 phase 
(TI, Cr)Sr2Ca2Cu30, with T, above 100 K 131. On the 
other hand, V also has the capability to aromote the 
formation of superconducting cuprates. For ,example, we 
observed that V-doping can sigDlr1cantly increase T, of 
the TlSrCuO system [4] and can promote the formation 
of (Bi,Pb, V)-2223 phase [S]. In addition, 1212 phase 
(Tl, V)Sr,CaCu,O, was reported by Liu et al. [3]. In view 
of the synthesis of (TI, Cr)-1223 cuprate and the similarity 
in chemical properties of Cr and V, we surmise (11, V)- 
1223 cuprate could also be synthesized, We carried out 
a series of experiments and successfully synthesized a new 
1223-type cuprate (Tl, V)Sr,Ca.$u,O, in the nearly-pure 
form with T, up to llOK. In this paper, we report 
the preparation of this new (TI, V)-1223 cuprate, and we 
present the results from powder X-ray diffraction 
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analyses and from resistance and ac susceptibility mea- 
surements. 

Experimental 

Samples with nominal composition of (T12V,)Sr2Ca2- 
Cu,O, (x= 0.00, 0.10,0.25 and 0.50) were prepared using 
high-purity Tl,O,, V,O,, SrO, CaO and CuO powders 
by a two-step solid state reaction method. A Sr,Ca$u,O, 
precursor was prepared first, and m,O, and V,O, were 
then added. Excess TI was used to compensate TI loss 
during heating by vaporization. In a typical procedure, 
appropriate amounts of SrO, CaO, CuO were mixed and 
ground well in an agate mortar. The mixture powder was 
preheated at 840 "C for 24 h in air atmosphere and then 
cooled to room temperature. The product was again 
ground, and subjected to another heating cycle. This pro- 
cedure was repeated 2-3 times to obtain a uniform pow- 
der. Then, the resultant precursor powder was mixed with 
appropriate amounts of 17,03 and V203, and pressed into 
pellets of about 12 mrn in diameter and about 2 rnm in 
thickness with a hydraulic press. The pellets were placed 
in a covered alumina crucible, introduced into a pre- 
heated tube furnace, and heated at 980 "C in flowing 
oxygen atmosphere for 5 h. Finally, the temperature of 
the furnace was decreased naturally to room temperature. 

Powder X-ray diffraction measurements were per- 
formed with Cu-Ka radiation using a DIANO DTM 1057 
diffractometer. Resistance was measured by the typical 
four-probe technique with an AC frequency of 27 Hz. 
The sample was connected to the leads using silver paste. 
AC susceptibility was measured by the standard mutual 
inductance method with an ac frequency of 500 Hz. All 
measurements were camed out in a commercial APD 
refrigerator with computer control and processing. 

Results and discussion 

(73, V)-based 1223 phase does not form easily. After ex- 
tensive experiments, we found that an excess quantity of 
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arch on T1-based Superconductors at the University of Arkansas 

2. 2. Sheng 

Department of Physics, University of Arkansas, Fayetteville, AR 72701, USA 

ABSTRACT 

We discovered the Tl-Ba-Cu-0 system in October 1987 and the 11-Ba- 
Ca-Cu-0 system in February 1988. The latter still holds the record of 
the highest reproducible TC of 125 K Thereafter, we discovered a 
number of new Tl-based superconductors, and developed several new 
processes for the TI-based superconductors. A number of related 
patents have been granted. 

~ O D U C T I O N  

The discovery of 35 K superconductivity in the La-Ba-Cu-0 system by 
@dnorz and Muller in 1986') led to a sudden burst of research activity on oxide 
superconductivity. Soon 90 K superconductivity in the Y-Ba-Cu-0 system was 
discovered in January 1987). The latter discovery brought Tc, for the first time, to 
above liquid nitrogen temperature and allowed most laboratories in the world to 
csry out the research on superconductivity. Our research on high TC superconduc- 
tois was started at this time and formally started in May 1987. We had had an 
exciting time for nine months. In October 1987, we discovered the 90 K TI-Ba-Cu- 
@system, the first superconductor without a rare earth with TC above 77 p". In 
the beginning of February 1988, we discovered the 125 K Tl-Ba-Ca-Cu-0 system, 
the highest T' superconducting system to datdfi). After the details of the TI-Ba-Cu- 
0 and Tl-Ba-Ca-Cu-0 superconductors were presented at the World Congress on 
Superconductivity held at Houston, Texas, on February 20-24, 1988'), the study on 
m-based superconductors was carried out by many groups all over the world. In 
this paper, we briefly describe the research on T1-based superconductors thereafter 
at the University of Arkansas, including the discovery of new T1-based superconduc- 
tors and the development of new processes for Tl-based superconductors. We also 
give current status of the patents of the University of Arkansas on the Tl-based 
Qperconduct ors 

1 NEW -BASED SUPERCONDUCTORS 

The T1-Ba-Cu-0 and Tl-Ba-Ca-Cu-0 systems were discovered, somewhat, 
based on the idea of substitutions with metals of same valence and similar ionic 
radi~?~].  The discovery of the T1-Ba-Cu-0 and T1-Ba-Ca-Cu-0 systems provided 
many substitutions which may lead to new TI-based superconductors. 



New high-T, cuprate (TI, -$r,) (Sr2-#ay)Ca2Cu,0, 
2. Y. ~hen,B) 2.2. Sheng, Y. Q. Tang, Y. F. Li, L. M. ~ a n g , ~ )  and D. 0. Pederson 
Departmenr of Physics. University of Arkansas, Fayetrevi[Ie, Arkansas 72701 

(Received 22 December 1992; accepted for publication 19 March 1993) 

A new series of 1223-type (T1,Cr)-based cuprates, (T1,Cr) (Sr,Ba)2Ca,Cu30,, have been 
successfully synthesized and identified by powder x-ray diffraction and electron diffraction 
analyses. Ba partial substitution for Sr promotes the formation of (T1,Cr)-based 1223-type 
compounds. Nominal samples, (Tll -,Cr,)-(Sr2-,,Bay) Ca2Cu30,, with 0.15 <x<O.50 and 
O.SO<y< 1.50 are pure or nearly pure.1223 phase and exhibit T,(p=O) in the range of 104-1 14 
K. This new (T1,Cr)-based high-T, material may be of importance in practical applications. 

After the TlBaCaCuO superconducting system was 
discovered,'*2 and (TI0 ,Ba2Ca,- l C ~ n 0 2 n +  with m = 2 
and 1 was the TlSrCaCuO system was found 
to be also superconducting at 20 and 70 K . ~  In fact, 
there is a series of superconducting compounds in the 
TlSrCaCuO system: (110) ,Sr2Ca,- lCu,02,,2 with 
m=l  and n=1-3.~ The Sr series compounds 
are not easy to form. But, by partially substituting Pb for 
Tl, the 1223 phase (Tl,Pb)Sr2Ca2Cu30f forms 
easily and T ,  is as high as 122 K. Multi- 
phase nominal samples (T1,Bi)Sr2Ca2Cuj0, were re- 
ported with T, (onset) of 119 K and T,(p=O) of 
106 K,' which may originate from a (Tl,Bi)- 
1223 phase. After that, 1223-type compounds, 
for example, 120 K ( T l , ~ b , ~ i )  s ~ ~ c ~ ~ c u ~ o ~ ?  
115 K (TI, , , B ~ , ) s ~ ~ c ~ ~ c ~ ~ o , , ' ~  114 K 
(Tb.4sPbo.s) Sr~.6B%.4Ca2Cu30~2s l '  and 120 K 
(Tb.5Pbo.5)Sr2Ca2Cu309 (Ref. 12) were reported. Re- 
cently, the TI-based 1223 compounds received special at- 
tention because they were found to have a very high critical 
current density at 77 K compared with Tl-2223 or Bi-2223 
superconductors according to the magnetic hysteresis mea- 
surements.13 T1-1223 superconductors actually have less 
anisotropy compared with other cuprate superconductors 
due to stronger interlayer coupling between Cu02 planes 
because of the presence of only a single insulating (1'10) 
layer in the compound, leading to an enhanced coupling 
along the c-axis and hence to a three-dimensional charge 
transfer character, rather than the two-dimensional char- 
acter of the Tl-2223 comp~und.'"'~ Therefore, Tl-1223 is 
an excellent compound of choice for fabricating Ag- or 
(Au,Pd)-sheathed superconducting wires and tapes by the 
powder-in-tube process.'"" 

Because Cr has the capability to promote the forma- 
tion of superconducting phases and to increase T, in Cr- 
substituted 1201-phase TlSr2Cu05 (Ref. 19) and Cr- 
substituted 1212-phase T ~ S ~ ~ C ~ C U ~ O , , ~ ~ " '  we carried out 
a series of experiments to synthesize Cr-substituted 1223- 
phase TlSr2Ca;Cu30,. The results showed that the 
(11,Cr) -1223 phase (Tl,Cr) Sr2Ca2Cu30, is rather difficult 
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to synthesize, but when Sr is partially substituted by Ba, 
the 1223 phase forms easily. In this letter we report 
the preparation of the new 1223-type cuprate 
(Tl,Cr) ( Sr,Ba) 2CazCu309 in the pure or nearly pure form 
and the characterization by x-ray diffraction and electron 
diffraction. Their T,( p =0) are in the range of 104-1 14 K. 
This new (T1,Cr)-based 1223-type high-T, material may 
be of importance in practical applications. 

Samples with nominal compositions (TI1-,Cr,) 
(Sr2-,,Ba,)Ca2Cu30, (x=O.00, 0.25, 0.50; y=O.l, 0.25, 
0.50, 0.75, 1.00, 1.50, 2.00) were prepared using high- 
purity T1203, Cr203, SrO, Ba02, CaO, and CuO powders 
by a two-step solid-state reaction method. T1203 was ex- 
cessive by 20% to compensate T1 loss by vaporization. Cn 
the typical procedure, precursors (Sr2-$ay) Ca2Cu30, 
were prepared first. Appropriate amounts of SrO, BaOz, 
CaO, and CuO were mixed and ground well in an agate 
mortar. The mixture powders were preheated at 840 "C for 
24 h in an air atmosphere and then cooled to room tern- 
perature. The products were again ground, and were sub- 
jected to another heating cycle. This procedure was re- 
peated two to three times to obtain a uniform powder. 
Then, the resultant precursor powers were mixed with ap- 
propriate amounts of T1203 and'Cr20j, ground, and 
pressed into pellets of about 12 mm in diameter and about 
2 mm in thickness with a hydraulic press. The pellets were 
placed in a covered alumina crucible, introduced into a 
preheated tube furnace and heated at 900-1000 "C in flow- 
ing oxygen atmosphere for about 5 h. Finally, the temper- 
ature of the furnace was decreased naturally to room tem- 
perature. 

Powder x-ray diffraction measurements were per- 
formed with CuKa radiation using a DIANO DTM 1057 
diffractometer. The samples were also examined in detail 
using a JEM 2000FX analytical electron microscopy with 
a TN-5500 energy-dispersive x-ray spectroscopy (EDXS) 
analyzer. Resistance was measured by the typical four- 
probe technique with an ac frequency of 27 Hz. The Sam- 
ple was connected to the leads using silver paste. All mea- 
surements were carried out in a commercial APD 
refrigerator with computer control and processing. 

We first tried to prepare samples with a 1223 starting 
composition (I'll -,Cr,) Sr2Ca2Cu30z. But the samples 
prepared by the typical procedure do not easily form the 
1223 phase. Rather, when x-0.1-0.5, the samples mainly 
form the 1212 phase and exhibit T ,  around 100 K, which 
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Y. Q. Tang, K. Y. Chen, I. N. Chan, Z. Y. Chen, Y. J. Shi, G. J. Salamo, F. T. Chan, 
and 2.2. Sheng 
Department of Physics. University of Arkansas, Fayetteuille, Arkansas 7.2701 

(Received 8 March 1993; accepted for publication 13 June 1993) 

Superconducting T1Sr2(Ca,Cr)Cu207 thin films .with zero resistance temperature T,  up to 102 
K and critical current density J, as high as lo6 A/cm2 at 77.7 K have been successfully prepared 
via laser ablation and thallium diffusion. Prolonged low temperature annealing in air was used 
for film processing. X-ray diffraction patterns indicated that the films were highly oriented 1212 
phase with c axes normal to the L a m , (  100) or Me( 100) substrates. 

Among the TI-based high T,  superconductors,14 the 
single T1-0 layered T1- 12 12 and Tl- 1223 compounds have 
drawn more and more attention in applied 
s~~erconduc t iv i t~ .~-~  Since the distance between Cu-0 
conducting planes in these compounds is shorter than in 
the compounds with two T1-0 layers (2212 and 2223), 
leading to stronger interlayer coupling, it is suggested that 
the thermally activated flux motion in TI-1212 and T1-1223 
phases may not be as severe as that in double TI-0 layered 
compounds.8 It is also believed that the single Tl-0 layered 
compounds have higher critical current density J, and their 
superconducting performances are less influenced by mag- 
netic field.5*8*9 These advantages make TI-1223 and TI-1212 
phases good candidates for the fabrication of supercon- 
ducting wires and thin films. 

Based on the work of the 105 K T1Sr2(Ca,Cr)Cu207 
bulk material in which Cr primarily takes the position of 
~ a , "  we have recently prepared this kind of 1212 phase 
film by chemical deposition" and by laser ablation.12 It 
was found that the new 1212 films were easy to prepare 
and could sustain a wide range of processing conditions. 
However, the superconducting properties of the films 
should be further improved in order to meet the require- 
ments of practical application. 

In this communication, we report the preparation of 
highly oriented Cr-substituted 1212 phase 
T1Sr2(Ca,Cr)Cu20, films of good quality. The films were 
produced by a two-step process via laser ablation and post- 
annealing in T1 vapor. By carefully controlling annealing 
conditions, we have successfully obtained superwnducting 
T1Sr2(Ca,Cr)Cu20, films with T,  of 98-102 K and J, of 
1 X lo6 A/crn2 at 77.7 K. To our knowledge, the J, value is 
among the highest values achieved in 1212 phase T1-based 
thin films. 

The precursor films with a fixed starting composition 
of Sr2CaCro.2Cu20, were first deposited onto MgO ( 100) or 
LaA103(100) substrates using an Ar-F excimer laser. This 
starting composition was chosen according to the optimum 
range of Cr amount in the nominal compositions 
T1Sr,CaCryCu20, Cy=0.15-0.25) of bulk material.'' The 
laser operated with a wavelength of 193 nm at 10 Hz. The 
pulse energy was 125 mJ. The oxygen pressure in the dep- 
osition chamber was 200 mTorr and the deposition time 
was 20-30 min. The substrate temperature was controlled 

in the range of 250-350 "C during ablation. I t  was found 
that the substrate temperature was not critical during dep- 
osition as long as it was lower than 600 "C. With a thick- 
ness of 0.3-0.8 pm, the precursor films had a dark brown 
color and looked mirror-like. 

The as-deposited precursor films were then annealed in 
T1 vapor. One unfired pellet with the nominal composition 
Tl$r2CaCro.2Cu20z (x=  1 or 1.3) was used as the main T1 
vapor source, and some fired pellets were used as supports 
and as an auxiliary Tl source. We determined that x= 1 in 
the nominal composition corresponded to the ideal T1 
amount for synthesizing the 105 K 1212-phase bulk mate- 
rial. This ratio did not seem adequate for prolonged lilm 
annealing. Therefore, x= 1.3 was chosen to enhance the 
concentration of T1 vapor during the annealing process. 
Two kinds of slightly different configurations were used in 
the tilm annealing. One was the so-called "untouched 
method," in which the unfired pellet was placed about 1 
mm above the precursor film in a covered alumina boat. 
The other was called the "touched method," where the film 
was sandwiched between two pellets vertically placed in a 
closed alumina cylinder with the film surface confined to 
the unfired pellet. Annealing was camed out in a program- 
mable tube furnace at 860-870 "C, about 50 "C lower than 
the calcining temperature for bulk material." A lower an- 
nealing temperature proved to be helpful in improving the 
properties of superconducting ams.13*14 A cooling rate as 
low as 2 "C/min was used to ensure the final film quality.12 
The T c  and Jc of the fabricated superconducting films were 
then measured either by the four-probe or by the 
self-inductance15 method. 

In previous work, annealing was carried out in a fiow- 
ing oxygen atmosphere for less than 3 h and the nominal 
TlSr2CaCro.2Cu20y pellets were used as a T1 vapor 
source."*12 In the present work, however, we annealed the 
films in air and prolonged the annealing time to 5-20 h. 
These modifications played an important role in improving 
the quality of the resulting films. Studies on the effect of 
oxygen pressure on the formation of T1-based supercon- 
ductors show that the decrease of oxygen pressure can 
reduce the temperature of phase formation and enable the 
reaction at lower temperature.'4'16 The oxygen pressure in 
air (0.2 atm) is much lower than the 1 atm flowing oxygen; 
thus, the formation of superconducting film at low anneal- 
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Thermoelectric power of the thallium-based superconductor T12Ba2Ca2Cu30,,-r, 
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(Received 9 November 1992; revised manuscript received 3 March 1993) 

The temperature dependence of the thermoelectric power of the high-temperature superconductor 
T11BalCa2Cu3010~6 is reported. The contribution of holes from the valence band satisfying a Fermi- 
liquid model gives the major part of the measured thermoelectric power. The results show that the 
conduction-band electrons also contribute to the total output of the thermoelectric power and the por- 
tion of the electron's contribution increases with temperature. An explicit expression for the thermolec- 
tric power of the 2:2:2:3 phase was derived based on a two-band model and the experimental data, which 
is given as S(pV)=O. 121 T -(280-0.2T)e-J"'T. A general formula, S =  AT+(BA+CT)exp( -A/T), 
is found to give a close description of the thermoelectric power of various cuprate high-?; superconduc- 
tors. 

The absolute thermoelectric power S in an excellent in- 
dicator of many fundamental aspects of charge transport 
in a conducting material. We can extract useful informa- 
tion from the characteristics of S-temperature dependen- 
cy to reveal the normal-phase transport mechanism of a 
material. Furthermore, the sign of S can be used to dis- 
tinguish the major charge carrier in the transport pro- 
cess. In certain regimes, S can also provide knowledge 
for the bandwidths and band gaps which govern the 
transport properties of the material. 

Since the discovery of high-Tc superconductors, there 
have been a large number of experimental and theoretical 
efforts to understand the thermoelectric power of such a 
material. However, a satisfactory interpretation of exper- 
imental results are still lacking. T12Ba,Ca,Cu,0,0-6 is a 
very stable superconductor with a transition temperature 
above 120 K, which is the highest to date. Several 
groups'-3 have studied the thermoelectric power of T1- 
based compounds, including the 2:2:2:3 phase; but, unfor- 
tunately, a quantitative study is far from complete due to 
a lack of single phase samples. We carried out ther- 
moelectric power study on a very pure 2:2:2:3 phase sam- 
ple in a quantitative manner. Based on the experimental 
result, we propose a two-band (conduction CB, valence 
VB) conduction mechanism and give an explicit expres- 
sion of the thermoelectric power of the T1-based super- 
conductor. This theoretical expression may also be ap- 
plied to other high-Tc superconductors. 

Samples used in this study were prepared by 
our recently developed m e t h ~ d . ~  The sample 
T ~ , B ~ , C ~ , C U ~ O , ~ - ~  is a pure 2:2:2:3 phase sample (no 
impurity being detected by powder x-ray diffraction). 
The thermoelectric power was measured with a modified 
differential method5 in the temperature range from 300 to 
100 K. 

Figure 1 shows the S plot against temperature of the 
sample T12Ba2Ca2Cu30,0-6. At room temperature, the 
value of S for this sample is 1.8 pV/K and S increases al- 

most linearly with decreasing temperature. It bas a max- 
imum value of 12.3 pV/K at about 135 K a d ldrrps 
abruptly as T approaches Tc. These values are to be 
compared to those in Ref. 5 and will be discussed later. 

The thermoelectric power-temperature depepdency of 
T12Ba2Ca2Cu3010-6, as viewed from the overall behavior, 
is similar to those reported for ( L a , S r f , @ ~ 0 ~ - ~ ,  
R B ~ , C U ~ O , - ~  (R =rare earth), Bi2Sr2CaCu20B~ s, and 
T ~ ~ B ~ ~ C ~ C U , O ~ - ~ . ~ - ' ~  To explain the temperature 
dependence of S and the exhibition of a broad meximurn 
above Tc for these high-Tc materials, some groups sug- 
gested a model of a strong phonon-drag effect,I6- '* while 
others expressed a strong doubt on this 
Based on our experimental data, there appears tp be no 
evidence in support of phonon-drag contribution to the 
thermoelectric power. We found that the therm~electric 
power can be simply explained from the diffusio~t of the 
charge carriers. 

A specific formula for the thermoelectric power of a 
metal satisfying the Ferrni liquid model, due to electron 

FIG. 1. Thermoelectric power vs temperature of 
T12BalCalCu3010-,. 
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Synthesis and superconductivity of a new 1222-type TI-based 
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Abstract. Synthesis and superconductivity of a new 1222- 
type layered cuprate (TI, -,Nb,) Sr,(Nd, -yCey)2Cu,0z 

' have been studied. The structure of this cuprate is direct- 
ly related to that of Nb-1222 NbSr2(Nd, Ce),Cu,O, with 
tetragonal body-center lattice. Partial substitution of T1 
for Nb in Nb-1222 phase improves its superconductivity. 
(TI,-,Nb,) Sr2(N~.75Ceo.~5),Cu20z samples prepared by 
the typical procedure exhibit superconductivity with T, of 
30-40 K. Effects of Tl and Nb on superconductivity of 
this cuprate are briefly discussed. 

1. Introduction 

Li et al. [I, 21 reported the synthesis and possible super- 
conductivity of a new 1222 type layered cuprate 
MSr,(Ln, R),Cu,O, (M = Ta, Nb, and Ti; Ln = Nd and 
Pr; R=Ce and Th) by La202 double layers replacing 
single L a 0  layer in LaBa2Cu2TaOy, which was first pre- 
pared by Murayama et al. [3]. The structure of the new 
cuprate (Nb-1222) is directly related to that of (Pb, Cu)- 
Sr,(Ln, Ce),Cu,O, (Pb-1222) 141, T1Ba,Ln,Cu20y (Tl- 
1222) [5] and (Ln, Ce),(Ln, Ba),Cu,O, (Cu-1222) [6] 
with M occupying the Pb, T1 or Cu site. Soon after the 
discovery of the Nb-1222 compound, Cava et al. 
reported superconductivity with T,  of 28 K for 
NbSr2(Ndo~7sCeo~2s)2C~~010 [7]. However, supercon- 
ductivity is observed only for a narrow range of oxygen 
pressures, temperatures, annealing times, and cooling 
rates, including the need for striking a delicate balance 
among solid solubility, cation ordering, and oxygen con- 
tent. Recently we successfully synthesized a new TI-based 
1222-type layered cuprate (T10.8Mo.~)Sr2(Ndo.75Ceo.25)~- 
Cu,O, (M = Nb or Ti) with T, of about 40 K [S]. Further 
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experiments showed that a whole series of compounds 
(Tl, -,Nb,)Sr2(Ndl -yCeY)2C~20z can be synthesized in 
the nearly pure form. In this paper, we report in detail 
the synthesis and superconductivity of the serial com- 
pounds (T1 -,Nb,)Sr2(Ndl -,Ce,),Cu,O,. We will also 
briefly discuss the effect of Tl/Nb ratio and Nd/Ce ratio 
in this series of compounds on superconductivity. 

2. Experimental 

Samples were prepared by a two-step solid state reaction 
method. High purity T1203 (or T12C03), NbO (or- 
Nb205), SrO, Nd203, CeO, and CuO were mixcd ac- 
cording to the stoichiometric formula (TI, ->b,)Sr2- 
(Nd,-,CeY),Cu2O, with x=O.O, 0.2, 0.4, 0.6, and 0.8; y 
=0.0, 0.25, 0.5,0.75, and 1.0. First, appropriate qmounts 
of the component oxides except T1203 (or Tl,CQ,) were 
mixed and ground in an agate mortar. T'..: resulting 
powder was then pressed into pellets of about 12 nil.1 

in diameter and about 2 mm in thickness with a hydraul- 
ic press. The pellets were sintered at 1000°C for 24 h 
in air followed by very fast cooling to room temperature. 
This procedure was repeated several times to obtain a 
uniform powder. After thoroughly grinding, the powder 
was mixed with an appropriate amount of T120, 
(TI,CO,) and was again pressed into new pellets. The 
new pellets were placed in a covered alumina crucible, 
introduced into a preheated tube furnace and heated 
at 1000-1100°C in flowing oxygen atmosphere for 10- 
30 min. The temperature of the furnace was then de- 
creased gradually to 8W850°C, held at that tzmpera- 
ture for about 1-5 h, and finally decreased to room tem- 
perature. (TI, Nb)Sr2(Nd, Ce)2Cu,0, samples were also 
prepared directly from mixing component oxides or car- 
bonates according to the stoichiometric composition . 
(one-step solid state reaction method.) The T1-free sam- 
ple NbSr,(Nd, Ce),Cu,O, was prepared using the proce- 
dure recommended by 111. 

The resulting samples were subjected to poyder ),- 
ray diffraction analyses and resistance measurements. 
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Bi may substitutell in the 1222-type cuprate nSr2(N4.75Ce~.2,)2C~20z up to 80%. The n-free Bi-1222 cupratc docs not form 
even from r Bi-1222 starting composition. The C-axis and cell volume of the ( 1 ,  Bi)-1222 cupnte decrease with the increase of 
the amount of Bi. Resistance mcasurcments showed that Bi substitution for TI convms supmonducting TlSrl(NQ7,Ce,u)lCu202 
to semiconducting (~l-~i,)Sr3(N~.75Ce0.1,)~C~20. (x> 0.2). These results are discussed according to the wnccpt of mined 
Cu valence. 

1. Intxoduction 2. Experimental 

Soon after Li et al. [ 1,2 ] discovered the 1222-ty pe 
%uprate NbSrz (Nd0.7sCe0.25)2C~20n Cava et al. [ 3 ] 
made it superconducting at about 28 K by annealing 
under high O2 pressure. Meanwhile, we were able to 
synthesize a Tl-based 1222-type cuprate 
TISr, ( N&.7sCe0.25)2C~20z through Tl replacing Nb, 
which is superconducting at about 40 K 14,s 1. The 
T1-based 1222 cuprate can be subjected to extensive 
elemental substitutions, forming a series of (n, M)- 
based 1'222 cuprates (TI, -,M,)Sr2 (Ndo.75Ceo.25 )2 

Cu2O9, where M is a metallic element, for example 
Pb (61 or In (71. In this paper, we report effects of 
Bi substitution for Tl in the 1222-type cuprate 
nSr,(N~,,Ceo,5),Cu,0z on the phase formation 
and superconductivity. The results from X-ray dif- 
fraction analyses and resistance measurements are 
presented and are discussed according to the concept 
of mixed Cu valence. 

Samples were prepared by the solid-state reaction 
method. High purity T12C03 (or T1203), Bi203, SrO, 
Nd,O,, CeO, and CuO were used according to the 
stoichiometric formula (Tl,-J3ix)Sr2(NQ75C%.25 )Z 
Cu20z with x=O.O, 0.2, 0.4, 0.6 and 0.8. T12C03 or 
n,O, is in excess by about 10- 1 5%, because of the 
volatility of T1 compounds. Appropriate amounts of 
the component oxides (or carbonate) were mixed 
and ground well in an agate mortar. The resulting 
powder was pressed into pellets about 12 mm in di- 
ameter and about 2mm in thickness with a hydraulic 
press. The pellets were placed in a covered alumina 
crucible, introduced into a preheated tube furnace 
and heated at 900-1050°C in flowing oxygen at- 
mosphere for 30-60 min. The temperature of the 
furnace was then decreased gradually to 850°C and 
held for about 5 h. Finally, the temperature of the 
furnace was decreased to room temperature. The TI- 
free sample was prepared using the procedure rec- 
ommended in ref. [ 1 1. 

The powder X-ray diffraction measurements were 
performed with Cu Ka radiation using a DIANO 
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In the two-step fabrication of TI-Ba-Ca-Cu4 thin films, TIlBalCalCu3010 (TI-2223) and TIlBalCa2Cu,0~ (TI-1223) films 
with good superconducting properties can be produced at a relatively low Tldiffusion temperature. Our study shows that dthoughr 
a low annealing temperature generally favors the formation ofTI,BalCa,Cu,O, (TI-2212) superconducting film, TI-2223 and TI- 
1223 phases can still form by prolonging the annealing time. In fact, a prolonged annealing time leads to the transformation from ' 
TI-2212 phase to TI-2223 phase. and then to TI-1223 phase. Therefore, the annealing time must be carefully controlled lo get the 
needed superconducting phase. 

1. Introduction 

Since the discovery of Tl-based superconductors 
[ 1,2] more and more attention has been paid to this 
system. Among various T1-based compounds, two of 
them are of particular interest. One is a double T1 
layer T12Ba2Ca2Cu3010 (Tl-2223) having a Tc as high 
as 127 K and another is a single T1 layer 
TI,Ba2Ca2Cu309 (Tl-1223) oxide which, due to 
stronger interlayer coupling between the Cu-O planes 
and relatively high Tc (above 110 K), is believed to 
have better superconducting properties in a mag- 
netic field than other Tl-compounds [3]. 

In the direct synthesis of bulk material, the reac- 
tion temperature for forming different phases is gen- 
erally in the order Tl- 1223 > Tl-2223 > TI-22 1 2. Tl- 
1223 oxide needs a reaction temperature as high as 
925°C while 1-2212 can form at a temperature 
around 830°C. Some authors have suggested the se- 
quential transformations 1 - 2 2  12+T1-2223+Tl- 
1223+Tl-1234 as a reaction pathway for bulk sam- 
ples [4-61. These transformations can be realized 
either by increasing the reaction temperature by 
stages [7] or by reducing the Tl content in the start- 
ing composition [4,5]. An increasing reaction time 
was also found to be useful in converting double TI 
layer compounds into single Tl layer compounds [8]. 

Two transformation mechanisms were propssed [ 5  I. 
In both explanations, the variation of the TI content ' 
during the reaction plays a crucial role in the phase 
transformation. 

In the fabrication and application research of 1- 
based thin films, Tl-2223 and Tl-1223 films aid dr~'-.  
intensive study due to the same reasons mentioned 
above [9-111. Unlike the 1 - 1  2 12 phase thin film * . 
which can be successfully obtained via in-situ one 
step deposition [ 121, post-deposition annealing in 
the presence of Tl vapor is still a necessary procedure 
for the preparation of Tl-2223 and TI-1 223 thin films, 
and is a crucial step for film quality. The annealing 
temperature, the Tl vapor concentration and the an- 
nealing time are all very important factors control- 
ling the morphology, superconducting phase, Tc and 
Jc of the thin films. Some recent studies show that t 
prolonged lower temperature annealing can produce . 8 

a high quality Tl-2223 film [ 10,131. In this paper, .' 
we investigate and discuss the formation of Tl-2223 
and Tl-1223 films via phase transformation at a rel: 
atively low annealing temperature. The properties of * 

the corresponding Tl-2223 and 1 - 1  223 films will also 
be presented. 

1 
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Abstract. Bulk samples of nearly-pure 2234-phase TI,Ba2Ca3Cu,0,, were 
synthesized near the melting point from startlng compositions of elther 
TI,Ba2Ca,,Cu40, or T12Ba2Ca4Cu,0,. Well crystallized 'clusters' of 2234-phase 
TI,Ba,Ca3Cu40,, were also prepared by melting the starting material 
TI,Ba,C&Cu,O,. The 2234-phase samples prepared In the present experiment 
exhibit Tc(p = 0) up to 119 K. 

1. Introduction 

After the 120 K superconductivity in the Tl-Ba-Ca- 
Cu-O system was discovered [I, 21, a series of 
superconductors with a genera1 formula 
T1,Ba2Ca,,-l~02,+4 was identified [3-3. Tt was 
immediately found that their T, increased with n (the 
number of CuO, layers): 90 K for T12Ba,Cu06 (2201 
phasef with one 010, layer, 110 K for TL2Ba2CaCu208 
(2212 phase) with two 0.10, layers, and 125 K for 
Tl2Ba2CazCu3Ol0 (2223 phase) with three CuO, layers. 
It was natural to surmise that the members with more 
Cu02 layers could reach even higher T,. An extensive 
search was carried out and the members with n > 3 
were synthesized, but they did not exhibit higher T, [6]. 
The highest T, remains 125 K for the member with 
n = 3 (2223 phase T12Ba2Ca2Cu30,0) to date. The fact 
that T, increases with the number of Cu02 layers (up to 
three CuO, layers) is still one of the guidelines in 
searching for higher T, perovskitetype superconduc- 
tors. The 2234 phase l12Ba2Ca,Cu4012 with four 
Cu02 layers is an immediate candidate. Due to prep- 
aration difficulties progress is slow p-91. Recently 
Presland et a1 [lo] prepared a single-phase Tl-2234 
bulk superconductor, TI,-,Ba2Ca3,,Ca40,, , which 
exhibits a diamagnetic transition up to  116 K by 
oxygen loading or prolonged vacuum annealing. We 
have prepared nearly-pure 2234 phase near the melting 
point from starting compositions T12Ba2Ca3,3C~40r or 
l12Ba2Ca,Cu,0,. We have also prepared 2234-phase 
'crystal clusters' by melting the starting material 

Tl,Ba2Ca4Cu,0,. The K(p = 0) of the 2234 phase pre- 
pared in the present experiment is up to 119 K. In this 
paper, we report the preparation procedures and the 
results from x-ray diffraction, electron microscopy, and 
resistance measurements. 

2. Experimental details 

Samples were prepared using high-purity TI,O,, BaO,, . 
CaO and CuO powders according to starting composi- ' 
tion Tl,Ba2Ca3.3Cu40, and T12Ba2Ca4Cu,0,. The 
component oxides were mixed and ground vel! in an 
agate mortar. The resulting powder was pregsed inlo 
pellets of about 12 mm diameter and thickness of about 
2 mm with a hydraulic press. For the following experi- 
ments, we first measured the melting point of ?hi start- 
ing materials by heating a pellet in a preheated tube 
furnace with flowing oxygen atmosphere. The deter- 
mined melting points in flowing owgen atmosphere 
are about 950°C for the nominal coraposition 
T12Ba2(=ir3.3Cu40,, and about 960 "C for the nominal 
composition TL2B~Ca,Cu,0,. After the melting point 
was determined, the sample was placed in a covered 
alumina crucible, introduced into a preheated tube 
furnace, and heated near or at its melting point in 
flowing oxygen atmosphere for between 5 min and 16 h. 
Note that the word 'near' means that the heating tem-' 
perature used in the work is about 5-10°C lower than 
the melting point The temperature of the furnace was 
then decreased gradualIy to 850°C and heId foc 24 h. 
Finally, the temperature of the furnace was decreased 

f Permanent address: Department of Applied Chemistry, University naturally to room temperature by turnrcg ,IT tb.: 
of Sciena & Technology of China, Hefei, Anhui, 230026, People's furnace. Republic of China. 
$ Permanent address: Department of Geology, University of New Powder x-ray diiaction measurements were per- ' 
Mexico, Albuquerque, NM 87131, USA. formed with Cu-Ka radiation using a DIANO DTM 

0953-2tl48/93/040261 + 04 $07.50 @ IS93 IOP Publishing Ltd 261 ' 



Supenond. Sc\. Technol. 6 (1993) 173-175. Prlnted in the UK 

Preparation of T12Ba2Ca,Cu,0 ,, thin 
films via low-temperature Tldiffusion 

Y Q Tangf, Z 2 Shengt, W A Lout, Z Y Chent, Y N Chant, Y F Lit, 
F T Chant, G J Salamot, D 0 Pedersont, T H Dhayagude*, 
S S AngS and W D Brown* 
t Department of Physics, University of Arkansas, Fayetteville, Arkansas 72701 USA 
$ Department of Electrical Engineering, University of Arkansas, Fayeteville, 
Arkansas 72701 USA 

Received 24 November 1992 

Abstract. Superconducting TI,Ba,Ca,Cu,O,, thin films with T, @ = 0) up to 121 K 
were successfully prepared via the deposition of a BaCaCuO precursor (by laser 
ablation or sputtering) and thallium dlffusion under 1 atmosphere of air. Instead of a 
short annealing time at high temperature, we use a prolonged anneallng tlme (up to 
60 hours) at lower temperature (800-815OC). The films obtained with this procedure 
are generally good in morphology, highly oriented and exhiblt a critical current 
denslty, J,, of about 1-2 x 10' A cm-* on MgO(100) and up to 1.5 x 10' A cm-' on 
LaA1,(100) at 77 K. Both Tc and J ,  values reported here are comparable to the best 
11-2223 films prepared by the pseudoone-step process. 

1. Introduction 

Since the discovery of TI-based superconductors [l-21, 
the compound T~,B~,C~,CU,O,~ (TI-2223 or 2223) has 
been found to have the highest T, @ = 0) up to 127 K 
[3-41. With high sintering temperature (> 850°C), it is 
usually not difficult to prepare and reproduce bulk 2223 
materials with T, about 120 K. However, to further 
improve the T,, a sophisticated post-annealing pro- 
cedure, invoIving low-temperature treatment and 
oxygen adjusting, must be introduced. By encapsulating 
the 2223 samples in evacuated quartz tubes and post 
annealing at low temperatures (750-760 'C) for about 
10 days or more, the T, can be increased to 127 K [3- 
43. Moreover, reduced partial oxygen pressure has 
proved useful in decreasing the synthesis temperature of 
the 2223 phase [ g  and in increasing its T, C31. 

In the fabrication of T1-2223 thin films, where post 
annealing is still necessary for both pseudo-one-step or 
two-step processes [q, reduction of annealing tem- 
perature is of particular importana b h u s e  it not only 
leads to the formation of highquality films but is also a 
necessary step towards a real one-step process such as 
that for TI-1212 film [7J. Previous annealing procedures 
for 2223 films generally use high temperatures 
(>850°C) and short times (5-60 min),' which usually 
generate relatively rough film surface and poor J , .  Lee 
et a1 reccntly reported the low temperature formation of 
2223 films in reduced 0, pressure 18). With their 
pseudo-onestep procedure, the quality of the 2223 film 
was improved significantly. Their best films were shiny 
to the eye and showed a T, as high as 121 K and a 3, of 
1.6 x lo6 A cm-, at 77 K. However. 'their technique 

was somewhat complicated. Our recent work on spray 
pyrolysis also showed that, even under 1 atmosphere of 
oxygen, 2223 films with T, up to 121 K can still form at 
relatively low annealing temperature if the annealing 
time is iong enough [6]. 

In this papr,  we report the two-step formation of 
2223 61ms at low annealing temperature in 1 atmo- 
sphere of air. Under optimum conditions, the T, ranged 
from 117 K to 121 K, and J ,  is 1-2 x lo5 A ah'' for 
the films on MgO(100) substrates and up to 
1.5 x 106 A cm', on LaAIO, at 77 K. 

2. Experimental details 

The substrates used for film production wen Mgq100) 
and LaAQ(l00). The BaCaCuO precursor i i h s  were 
deposited by laser ablation or sputtering. The details of 
the equipment for these methods are described else- 
where [9,10]. The substrates were heated at 400-500 "C 
for the laser ablation but were kept at room tem- 
perature during sputtering. The precursor films depos- 
ited by laser were 0.4-0.5pm thick while those by 
sputtering were about 0.8 pm. Thallium was then intro- 
duced by annealing the as-deposited BaCaCuO flms 
with crude TI,.,Ba,Ca,,Cu,O, pellets in a closed 
alumina boat. The films were placed in a free-surface 
configurafion with the- pellet positioned about 1 mm 
above the film. The pellets were prepared using high 
purity m2O3, BaO,, CaO and CuO powder [I I]. The 
annealing temperature was 750-820°C, 80-150°C 
lower than the conventional temperature for bulk for- 
mation and at least 50°C lower than the generally used 
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Bulk TI-Ba-Ca-Cu-0 superconducting samples have been used to analyse the effect of Cr 
and V doping on the intergranular properties. The a.c. magnetic susceptibility has been 
measured as a function of temperature and a.c. magnetic field amplitude up to  
14 000 A m-' as  well as the resistivity a s  a function of temperature and d.c. applied 
magnetic field up to 795 kA m-' .  For the samples doped with Cr an enhancement in the 
intergranular critical current density was observed; the sample doped with V gave results 
similar to  those obtained for the undoped TI compound. The role of Cr and V in these 
materials is discussed in terms of the electrical and magnetic measurements performed. 
Additionally, measurements of the resistance versus temperature and applied d.c. field 
may help to elucidate the behaviour of the.irreversibility line in these TI compounds. 

Keywords: bulk superconductors; thallium; irreversibility line 

After the Tl-Ba-Ca-Cu-0 superconducting system was 
disc~vered'.~ two series of superconducting compounds 
were rapidly identified: T12Ba2Ca,,-lCu,0,+4 with a 
double T1-0 layer3 and T1,BazCa,,-lCu,0~+3 with a 
single T1-0 lqyer4. 

Despite the fact that the absence of an 
orthohombic - tetragond phase transition in this sytem 
reduces the formation of microcracks, and that the 
oxygen stoichiometry is not as severe as in the case of 
Y-based materials, the preparation of these compounds 
is more complicated than the Y and Bi systems, produc- 
ing a superconducting system whose potential applica- 
tions are still to be explored. 
In this work we have determined the inductive critical 

current density from the susceptibility results and we 
have also measured the broadening of the resistive tran- 
sition in the presence of an applied d.c. magnetic field. 

Our measurements are also expected to contribute to 
the elucidation of the irreversibility line in these 
materials. The irreversibility line that was first observed 
in magnetization measurements5 separates the (H, 7) 
plane into two regions. Below this line, irreversibility is 
found in the magnetization while above the line the 
superconductor finds itself in a thermodynamic reversi- 
ble state. A wide variety of models have been proposed 
to explain the appearance of the irreversibility line, 
including the transition from a liquid to a glass vortex, 
the melting of the vortex lattice, a giant flux creep model 
and the thermal activation of flux flow. However, these 

'Paper presented at the conference 'Critical Currents in High T. 
Superconductors', 2 2  - 24'April 1999, Vienna. Austria 
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models do not provide a quantitative prediction for the .,. 
various experimental observations nor are they easy to ' 

compare with the experimental data. 

Experimental 

Samples of nominal composition T1,Ba2Ca&u30,, 
Cro,3T1,Ba2Cu30x, Cro,T1zBazCa3Cu40x and 
V,,T1,B~CazCu30x have been prepared by a solid-state 
reaction. Details of the production procedure hqve been 
published elsewhere 6. 

The X-ray diffraction pattern for the undoped sample 
T1,BazCazCu30x can be indexed as the 2223 phase of 
the TI system; i.e. the X-rays did not detect any secon- 
dary phases. The patterns for the doped samples cap also 
be indexed with a tetragonal phase but w i L  iiigh.tly .' 
distorted lattice parameters due to the doping. The 
chemistry of the substitutions, i.e. the role played by Cr 
and V in the compounds, is now being studied. 
However, it has already been found7 that in the 
TI-Sr-Ca-Cu-0 superconductor Cr basically substitutes 
CaZ+ leaving Cu and TI, which could seem the natural 
elements to substitute, unchanged. Vanadium is a 3 + 
ion like Cr, and therefore we expect the same type of 
substitution. 

The a.c. susceptibility, measured at 11 1 Hz to avold ' 

any interference from the frequency of the line, has been . 
determined as a function of temperature with a Lake 
Shore 7000 susceptometer in a.c. applied fields of 8, 80 
and 800 A m-l. Furthermore, the a.c. susceptibility as 
a function of the a.c. field amplitude has been meagured 
at 77 K in applied fields ranging from 3 to 
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Abstrrcf. Superconducting T12Ba,Ca,Cu,0,, films with rereresistance 
temperature over 120 K have been prepared on varlous substrates. Precursor 
BaCaCuO films were deposited by spray pyrolysis at 350-400°C followed by a short 
time heating at 850°C. Thalllum was incorporated by annealing the precursor films 
wlth crude TlBaCaCuO bulk pellets in a covered alumina cruclble In an oxygen 
atmosphere at 830°C for 30 minutes and then at 810°C for 16 hours. X-ray 
diffraction showed that the final superconducting fllms are mainly ot 2223 phase and 
are highly orlented with thec-axis perpendicular to the surface of the substrate. The 
critical transport current denslty (J,) of the films is near 10000 A crn-'. 

'The TlBaCaCuO superconducting system [l] has 
drawn considerable attention because of its high T, 
and environmental stability. Recently, bulk 
Tl,Ba,Ca2Cu,0,, superconductors with zero- 
resistance temperature as high as 127 K were synthe- 
sized [2, 33. Research on TI-based superconductor thin 
films was also conducted by means of physical and 
chemical deposition methods such as thermal evapo- 
ration [4, 51, sputtering [6-131, laser ablation C14-161, 
electron beam [17-191, metallorganic chemical vapour 
deposition (MOCM) C20-241, and sol-gel methods such 
as dip-coating spin coating or spray pyrolysis [25-273. 
Despite various methods used, TlBaCaCuO supercon- 
ducting films are general.1~ prepared in two ways: direct 
deposition with initial TI in the composition (pseudo- 
one-step process) [6, 8-12, 14, 15, 17-19, 21, 23, 251, 
and deposition of TI-free precursor BaCaCuO film 
followed by an incorporation of thallium (two-step 
process) C7, 13, 16, 20, 22, 24, 2 q .  Both processes need 
an ex situ annealing treatment in the presence of thal- 
lium vapour and oxygen. However, the highest critical 
current density J ,  (6 x lo5 A cm-2 at 77 K) and the 
highest zero-resistance temperature T, (121 K) were 
obtained via the pseudo-one-step process by electron 
beam on an SrTiO, substrate [I91 and by sputtering on 
yttrium-stabilized ZrO, (usz) [9] respectively. With the 
two step process, the reported highest T, is 115 K for 
the films deposited by laser ablation [16]. 

Among the techniques mentioned above, the sol-gel 
methods are simple and inexpensive chemical tech- 
niques for fabricating superconducting films. They can 
also be applied to the deposition of films on large and 

irregular substrates without special equipment and 
modification. However, until now, zero-resistance tem- 
perature of TlBaCaCuO films prepared by these tech- 
niques [25-271 is generally inferior to those via other 
techniques, and no J ,  value has been reported. In this 
paper, we report the preparation of T12Ba2Ca2Cu30,, 
films via deposition of precursor BaCaCuO films by 
spray pyrolysis followed by introduction of thallium 
through an annealing procedure (two-step process). The 
fdms have zero-resistance temperature up to 121 -K, 
which is at present the highest T, achieved by either the 
spray pyrolysis method or the two-step process. More- 
over, the films are highly oriented with c axes perpen- 
dicular to the substrates and a J ,  value of about 1OOOO 
A cme2. 

The BaCaCuO precursor films were prepared by spray- 
ing a solution on the substrates using a commercial 
ultrasonic humidifier (made by Holmer). The spray 
BaCaCu-bearing solutions were prepared by dissolving 
high purity Ba(NO,), , Ca(NO,), , and Cu(NO,), in 
deionized water. A ratio of Ba : Ca : Cu = 2 : 2.3 : 3 was 
used for most of the experiments. The total concentra- 
tion of metallic ions was about 0.3 M. Figure 1 illus- 
trates the apparatus used for aerosol generation and 
film deposition. The ultrasonic humidifier was modified 
by adding a custom-made solution chamber with a base 
of polyethylene membrane in order to avoid corrosion 
of the piezocrystal by the solution and to  reduce the 
volume of solution needed. The very fine and uniform 
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NEW THALLIUM-LEAD BASED LAYERED CUPRXTES 
AND THEIR SUPERCONDUCTIVITY 

Z.Y.Chen*, Y.Q.TangM, Y.F.Li, D.O.Pederson, and Z.Z.Sheng 
Department of Physics, University of Arkansas 

Fayetteville, Arkamas 72701, USA 
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ABSTRACT 
A new series of 1222-type (n,Pb)-based layered cuprate compounds 

I (n,Pb)Sr2(Nd,Ce),Cu20z have been succe;sfully synthesized in the pure form 
I 
I and identified by powder X-ray diffractian analyses. The structure of the 

compounds is directly related to that of b-1222 NbSr,(Nd,Ce),Cu,O, with 
tetragonal body-center lattice. The lattice parameters are a = 3.855 A, c = 
29.47A for (Tb~$b,3Sr,(N~,Ce,3)2Cu,G1, and a = 3.853 A, c = 29.61 A for 
~~~,Pbo,)Sr,(N~,,Ce0,~)2Cu20Z. Resis:mce measurements showed that 
(fll.,PbJSr2(N&,Ce025)2Cu20Z (x 5 0.6) prepared by the typical procedure 
exhibit superconductivity with Tc(onset) in the range 30-40 K. 

MATERIALS INDEX Thallium, Lead, S t~ontium, Neodymium, Cerium, 
Cuprate, Super conductor 

Introduction 

Li et al. (12) reported the synthesis and possibie superconductivity of a new series 
of Ta-1222 type layered cuprates MSr2(Ln,R),Cu20y (M = Ta, Nb, Ti; Ln = Nd, Pr; R = 
Ce, Th) by considering the replacement of L a 0  by La202 double layers in LaBa,Cu,TaO 
prepared by Murayama et at. (3). The structure of these compounds is directly relate d 
to that of (PblCu)Sr,(Ln,Ce),Cu20 (Pb- 1222) (4), T l B ~ , C u , O ,  (Tl- 1222) (5) and 
(LJz ,C~) , (L~ ,B~)~C~,O (Cu-1222) (6)  with M occupying the Pb, 1 or Cu rite. Soon aher 
the discovery of ~b-1212 compound, Cava et d. reported superconductivity with a Tc of 28 
K for NbSr,(Nc&,Ce,,),Cu,O,o (7). However, the preparation condition is very strict (7). 
Recently, we successfully synthesized a new TI-based 1222-type layered cuprate 
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? EFFECI'S OF F-DOPING AND Q-DOPING ON- FORMATION AND S U P E R C O N D U m  QF 
I THE 1212-TYPE PHASE llSr,CaCu,O, 
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F- and Q-. substituted .TlSr,CaCu,07~~. (A =. F .or Q) have been prepared and 
investigated by resistance and powder x-ray diffraction measurements. The F- 
substitution for x~ 1 5  produces nearly single 1212 phase and inmeases Tc by up to 
20 K. These results are explained in t e r n  of the concept of formal Cu valence. Cl- 
substitution is not favorable for the formation of the 1212 phase. The Cl-substitution 
for x as low as 0.05 prevents the formation of 1212 phase. This is due to the much 
larger ion radius of Q than that of @. The F-substitution improves the mechanical 
properties of the samples and may be useful in preparing TI-based superconductors 
for practical applications. 

1. INTRODUCIION 
Soon after the VBaCaCuO superconducting system 

was discovered [1,2], the TlSrCaCuO system was found 
to be also superconducting 13-41. In the latter system 
there is a 1212-type superconducting phase 
mr2CaCu,0, which is difficult to form and has Tc from 
0 to 70 K [4-71. A possible reason is that the formal Cu 
valence of ~Sr,CaCu,07 is too high (25+) [8,9]. 
Substitutions with metallic elements of higher valences 
decrease formal valence of Cu, and thus can stabilize the 
1212 phase and improve its superconducting behavior 
[5,6,8-201. For example, we have completed the 
synthesis of all derivatives of nSr2CaCu,0, from 
substitutions of Pb for T1, La for Sr, and Y for C;, 181. 
In the framework of the formal valence of Cu, 
substitution of a lower valence anion, for example, F or 
a-, for 0% would have a similar effect as the cation 
substitutions 19.2 11. ~ 0 t h  substitutions decrease the 
formal valence of Cu. In order to examine this idea, we 
Glnied out various F- or CI- substitution experiments. 
In this paper, we describe the preparation of various 
Samples and present the results from resistance and 
powder x-ray diffraction measurements. We also discuss 
the effects of F-doping and Cldoping on the formation 
and superconductivity of the 1212 phase. 

2. EXPERIMENTAL 
The samples with nominal composition 

RSr2CaCu2o,.~ (A = F, x = 0-2.0; or A = Cl, x = 0- 
05) were prepared using high-purity T@,. SrO, CaO, 
and SrF, or an,y&ous CaCI,. Appropriate amounts of 
SrO, CaO, and SrF, or anhydrous CaCI, were completely 
h c d  and wound, and heated at 900-1000 "C in air for 
about 24 hours with several intermediate grinding to 
obtain uniform powders. Appropriate amounts of the 

powders and n203 were completely mixed aqd ground, 
and pressed into pellets with a diameter of 7 mm and a 
thickness of 2-3 mm. The pellets were placed in a 
covered alumina crucible, and introduced into a 
preheated tube-furnace and heated to 950-1000 O C  in a 
flowing oxygen atmosphere for 10-30 min fallowed by 
quenching in air. Some samples were kep, HI 51s' 
furnace and cooled naturally down to room terpperature. 
The resistances of the samples were measured by th< 
typical four-probe technique with an AC frequency of 27, 
Hz The samples contacts were made with silver paste. 
The AC susceptibility (500 Hz) was measured using the . 
mutual inductance technique. All measurements were 
carried out in a commercial APD closed-cycle; 
refrigerator with computer control and processing' 
Powder x-ray diffraction analyses were performed with' 
Cu Ka radiation using a DIANO DTM 1057. 
diffractometer. 

3. RESULTS 
To obtain nearly single-1222 phase samples with 

good superconducting behavior, we canied out a series 
of experiments with the undoped TlSrCaCuO samples.' 
The results showed that the formation and. 
superconductivity ofTISr2CaCu20, depended strongly on' 
the preparation condition. Figure 1 shows the 
temperaturedependence of resistance for the mlple- r7f 
nominal composition nSr2CaCup prepared under ! 
different conditions. It can be seen tiat heating at 980.L 
1000 OC in flowing oqgen for 10-30 minutes f~Uowed by 
quenching in air produced the samples with the best 
superconducting behavior with a zer&resistance 
tcmpcranrrc of 30-35 K Powder x-ray diffraction 

showed that these samples were nearly single 1212< 
phase. This preparation condition was used in the' . 
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We have established a quick and easy, modified dc method to measure thermoelectric power 
for bulk high transition-temperature ( T,) superconductors. The temperature range 
investigated is from 300 to 50 K. The apparatus was developed on the basis of our already- 
existing commercial APD (APD CRYOGENICS INC, Allentown, Pennsylvania) 
superconductor characterization cryostat with a limited amount of extra instrumentation. The 
thermoelectric power is measured continuously within the temperature range by the 
control of a computer, a real time Seebeck coefficient S( T) versus temperature curve is plotted 
on the computer screen during the measurement, and the data can be saved to a disk. 
The entire processing period for each sample takes less than 2 h. This apparatus was calibrated 
with pure lead. By measuring on high T, supercondl~ctors which are well known in 
thermoelectric power, the system has been shown to have high accuracy and reliability. 

I. INTRODUCTION 

The investigation of the thermoelectric power (TEP) 
of high transition temperature ( T,) superconductors can 
yield valuable information about their electronic and struc- 
tural properties. The direct result of TEP measurement is 
the Seebeck coefficient S, which is useful for the interpre- 
tation of the electron transport processes and interaction 
mechanisms in solid materials. We have constructed an 
apparatus suited to measuring the TEP of high T, bulk 
ceramic superconductors. 

If a small temperature difference, AT, is applied across 
a conductor [see Fig. 1 (a)], then the negative of the deriv- 
ative, z - AV/AT, defines the absolute thermoelectric 
power S (Seebeck potential) of the conductor concerned at 
temperature T. In'a real measurement circuit [Fig. 1 (b)], 
the voltage difference AV is the total contribution from 
both the specimen and the leads, i.e., - AV= ( S  
-S1)AT. SoSequals - (AV/AT-S'). HencetheTEP 

measurement, if the S is known, can be achieved by mea- 
suring the electrical voltage AV across a specimen, the 
temperature T of the specimen, and the corresponding 
temperature difference AT between the two ends of the 
specimen simultaneously. The method of TEP measure- 
ment based on the above principle is known as the differ- 
ential method. 

In practice, the thermal fluctuation and spurious po- 
tentials caused by the contact of the specimen with the 
substrate, the electrical leads, and the thermal detectors, 
can effect significantly the measured TEP results. To re- 
duce thermal fluctuations, tlie conventional method is per- 
formed at constant temperatures which, by its very nature, 
can be a time-consuming process. To overcome the spuri- 
ous potential problem, a slow ac method has been em- 
ployed frequently.''2 The slow ac method heats the two 
junctions alternatively and must wait for thermal equilib- 
rium at a certain temperature before each measurement, 
therefore the method almost doubles the period for obtain- 

ing a datum at a given temperature. This makes the mea- 
surement time that much longer. 

Being aware of such difliculties, the concept of a dif- 
ferential ac system for measuring TEP of metals by peri- 
odically heating the junction held at varia~lr re~perature, 
was initiated by two groups of researchers.314 Following 
that concept, several rapid ac TEP experiments were set 

Unfortunately t h k  above mentioned rapid ac TEP 
experiment techniques are not ideal for bulk high T, su- 
perconductors. In these techniques the temperature gradi- 

FIG. 1. (a) The definition of absolute thermoelectric power of a conduc- 
tor. (b) Schematic diagram of a TEP measurement circuit. 
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New T1Sr2(Ca,Cr)Cu207 superconducting films on MgO(100) substrates have been prepared 
and characterized. The superconducting films were fabricated via a two-step process. Precursor 
SrCaCrCuO films were f is t  deposited by spray pyrolysis at temperature of 350-400 "C, urli 
thallium was then incorporated by heating the precursor films between unfired TlSrCaCrCuO 
bulk pellets at 880-900 "C in an oxygen atmosphere. The films were then cooled down to room 
temperature in an oxygen or argon atmosphere. The superconducting films were single 1212 
phase with c-axis perpendicular to the surface of the MgO( 100) substrates. Onset temperatures 

5 

up to 110 K and zero-resistance temperatures up to 100 K were achieved. The critical transport 
currents (J,) of the films were about 7 x  lo3 A./cm2 at 77 K. 

Following the discovery of the 120 K TlBaCaCuO su- 
perconducting the TlSrCaCuO system was found 
also to be superconducting at 70-80 K . ~ . ~  In the latter 
system, there is a 1212-type phase T1Sr2CaCu207, which is. 
difficult to synthesize in the pure form, and is often not 
s ~ ~ e r c o n d u c t i n ~ . ~ ~ ~  When the 1212 phase is subjected to 
elemental substitutions, for example, Pb for T1 (Refs. 5 
and 7) or R (rare earths) for ~a,*. '  it is formed easily. The 
superconducting transition temperature is improved signif- 
icantly, usually to a T, of 75-90 K.~.~-'  Recently, we 
discovered a new 1212-type phase, the Cr-substituted 
T1Sr2(Ca,Cr)Cu207, which exhibits T, as high as 110 K 
and forms easily.'' Motivated by its easy formation and 
high T, we have prepared T1Sr2 (Ca,Cr) Cu2O7 supercon- 
ducting films. In this letter, we report for the first time the 
preparation and characterization of single 1212 phase 
TlSr2(Ca,Cr) Cu207 superconducting films on Mg0( 100) 
substrates. The films were prepared via a two-step process 
involving the deposition of precursor films by spray pyrol- 
ysis and the thallium incorporation by post-annealing. 
Zero-resistance temperatures of the films were as high as 
100 K, and the critical transport current density (J,) was 
about 7 X lo3 A/cm2 at 77 K. 

The solutions used for spray pyrolysis deposition were 
prepared by dissolving analytical grade Cr031 S T ( N O ~ ) ~ ,  
Ca(NO3I2 and C U ( N O ~ ) ~  into deionized water. Two dif- 
ferent starting compositions, Cro.2Sr2CaCu ,., (NO3). and 
Cro.2Sr2CaCu2(N03)xy were used. The total concentration 
of metallic ions in the solutions was about 0.3 M. A mod- 
ified commercial ultrasonic humidifier (made by Holmer) 
was used to generate very fine and uniform mists. The 
mists were carried by oxygen flow onto a Mg0 ( 100) sub- 
strate heated by a hot plate to 350-400 "C, resulting a film 
layer. The as-deposited precursor 6lms were then put be- 
tween unfired T1Cro.2Sr2CaCul.5,0x bulk pellets in a cov- 
ered alumina crucible, and were heated in a programmable 
tube furnace at 830-900 "C under an oxygen atmosphere. 
The starting Sr:Ca:Cr:Cu ratio of the bulk pellets was the 
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same as that of the precursor films being annealed. An 
argon atmosphere was also used in the cooling step for 
some films in order to improve their superconducting prop- 
erties. The film thickness was measured using a Sloan 
Dektak surface profilemeter, and film morpllology %as in- 
vestigated using an IS1 40 scanning electron microscope 
(SEM). X-ray diffraction patterns were obtained q ing  a 
DIAMO DIM 1057 diffractometer with Cu Ka radiation. 
The ac resistances (27 Hz) of the films were measured by 
the standard four-probe technique with silver paste coa- 
tacts. The measurements were carried oui: i-. ;l co-nmercial 
APD closed-cycle refrigerator in the temperature ral~ge 
from 50 to 300 K. Data collection and data processing 
were carried out on an IBM-PC computer. J, was deter- 
mined by measuring the current-voltage curve using the 
four-probe technique (in the standard Hail bar cohigura- 
tion) at 77 K in liquid nitrogen. 

The as-deposited precursor films showed a lightbrow; 
color and were not conducting. After the T1-prohssing 
procedure, the films turned black, and were superconduct- 
ing. A typical room-temperature resistivity of these films 
was about 1 m a  cm. The thicknesses of the films ran8ed 
from 0.7 to 1.5 pm. Figure 1 shows photograph&'of an 
as-deposited precursor film and a processed superc@duct- 
ing TISrz(Ca, Cr)Cu207 film. The precursor film shqwed a 
noncrystal appearance, whereas the superconducti@ fjlm 
consists of uniform crystalline grains with an average size 
of 3 pm. Under the typical deposition condition, th'e,cok- 
position of metallic atoms in the prwbls,;. films would be 
the same as that in the solutions. Since the precursor Plns 
are annealed with the corresponding bulk pellets, the final' 
composition in the superconducting films is expecte+ t~ b& 
about the same as that in the bulk pellets, which haGe been 
examined by electron microanalysis. lo 

Table I lists preparation condition apd T,  for'somp 
films. The preparation condition of the TlSrCaCrCuQ 
films was much less sensitive than that for TlBaCaCuO 
superconducting films. Zero-resistance temperatures sboue 
95 K were easily obtained for a wide range of ~ond~tiops, 

Figure 2 shows resistance-temperature curves of tlje.. 
films deposited from the solution Cro.2Sr,CaCu, 5two3)r 
and annealed at different temperatures. Curves a, b,'and c 
represent the films annealed at 830, 870, ar~d  88Q :C, re, 
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A NEW SUPERCONDUCITNG 1201-TYPE PHASE (TI,Cr)Sr,CuO, 
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A new 1201-type phase (Tl.Cr)Sr,CuO, has been synthesized and identified. This 
phase has a tetragonal unit cell (space group P4/mmm) with a = 3.795 A and c = 
8.880 A, and is superconducting at 40-50 K. Cr in (TZCr)Sr,CuO, plays a similar role 
to Pb in (Tl,Pb)Sr,CuO,, which is instructive in the search for new Cr-based 

Tc up to 110 K!. This is the first time 
element substitution for Tlsr,CaCu,O, 

prepared using high - 

ent oxides were 

and a thickness of 2-3 mm. 
a covered alumina crucible. 

d by the standard fourprobe technique with 

silver paste contacts. AC susceptibility (500 Hz) was 
measured using the mutual inductance technique. All 
measurements were carried out in a commercial APD 
closed-cycle refrigerator system with computer control 
and processing. Powder x-ray diffraction analyses were 
carried out with Cu-Ka radiation using a DlANO DTM 
1057 diffractometer. 

Figure 1 shows resistancf-temperature curves for 
nominal samples ~ O J ) S r 2 C u O y  prepared by heating 
at 800, 850, 900, 950 and 1000 OC for 15 minutes in 
flowing O, followed by quenching. All samples are 
superconducting, and the sample prepared at 950 T 
exhibits the b a t  superconducting behavior with an onset 
temperature of 50 K and a zero-resistance tetnperature 
of 40 K AC susceptibility measurements showed 
superconducting transition temperatures similar to those 
by resistance measurements As an example. Figure 2 
shows the temperature-dependence of resistance and ac 

. :. . 
0 I-...:, . , . . , . . . . , . . . . , . . . . , . . .  . I  

0 50 100 150 200 250 300 

TEMPERATURE (K) 

Figure 1 Resistance-temperature curves for nomipal 
samples (ll&k,)Sr,CuO, prepared at different 
temperatures. 



Effect of a bias field (up to 1 T) on the a x .  
susceptibility of Cr0 .~T1~Ba~Ca~Cu~0~*  
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D.O. Pedersont 
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The a.c,  susceptibility of bulk Cro,,T11Ba2Ca,Cu,0, at 8 A rn - '  and 1 1  1 Hz has been 
measured as a function of temperature and d.c, bias field ranging from 0 to 795 000 A 
rn-'. As the d.c, magnetic field is increased a decrease in the critical temperature a s  
well a s  in the temperature at  which the imaginary part of the susceptibility peaks is 
observed. We have also measured the a.c, susceptibility as a function of a.c. magnetic 
field amplitude without d.c, bias field. In this case no decrease in the transition 
temperature is observed despite the decrease found again in the  temperature a t  which t h e  
imaginary component of the susceptibility has its maximum. The peak temperature, frorn 
the d .c ,  bias field measurements, has been related t o  the irreversibility line obtained from 
the  broadening of the resistive transition under the presence of a d.c. magnetic field. 

Keywords: critical currents; bias field; a.c. susceptibility 

The study of the dynamics of flux lines in high 
temperature superconductors (HTS) is a subject of con- 
siderable interest to understand the mechanisms 
involved in it. Furthermore, these mechanisms seem to 
be intimately related, adding further difficulty to the 
interpretation of the different experimental 
measurements. Moreover, the weak electronic coupling 
between CuO, layers in Bi and TI compounds, the short 
coherence length and the high value of the Ginzburg 
Landau K results in an unusual mobility of the flux lines, 
thus reducing the expected high critical current. In par- 
ticular, the irreversibility line and the type of transition 
associated with it (liquid to glass vortex state'.', 
11ielting of the lattice3-" thei.rnal activated depinning 
processes6.') have attracted considerable attention. 
There are several methods that have been widely used to 
determine the irreversibility line since the work of 
Miiller et a/.' where the ZFC and FC M(T) in a cons- 
tant field were measured. It has also been found that the 
measured Tir(H) strongly correlates with hysteresis'. 
Isothermal measurements of M(Hj  have been 
investigated in an attempt to determine Hi,(7)'('. The 
resistivity of HTS in low and moderate ntagnetic fields 
follows an Arrhenius law on temperature, suggesting 
thermally activated flux motion. On the other hand the 
imaginary component of the a x .  susceptibility peaks at 
a Frequency given by w = w ,  exp(-U/k,T) where the 

*Paper presented at  the conference 'Critical Currents in High T, 
Superconductors', 22 - 24 April 1992, Vienna, Austria 

activation energy U appears consistent with that found in. 
resistivity ~neasurements and the prefactor w,, seems to., 
be field independent " . 

However. the results obtained by the diFferent 
lilethods show some disagreement even for the same 
system, hi order to try to clarify these problems we have. 
n~easured the a.c, susceptibility of a TI based compound,. 
in the presence of a d.c. bias field. 

Experimental method 

Cr substitution in the TI-121 2 phase was setla i ) )  trhance, 
T, ,  producing high quality san~ples so that Cr wns then 
added to the 1223 phase, giving the nominal composi-i . 
tion Cr,,,TI,Ba2Ca2Cu,0,. This was done not only to , 
enhance 7;. but also because i t  is easy to prepare and to , 

obtain a very good quality material for many possible,, , 

applications. The details of the sample preparation have 
been published elsewhere". From the X-ray diffraction 
pattern no significant amount O F  secondary phase was 
found. 

We have measured the a.c. susceptibility as il function 
of temperature for a.c. fields ranging from 8 to 8000 A 
nib' at 1 1  1 Hz as well as at 8 A m -  with the d.c. field 
superimposed ranging from 0 to 795 000 A m-'. 

The sample geometry is a thin slab with the largest 
dimension parallel to the applied a.c. and d.c, fields. 
The data have been corrected for de~nagnetizing effects, 
although the earth's magnetic field has not been shielded 
in any measurement. J 
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Fabrication of Superconducting T1Sr2(Ca, Cr)Cu207 Thin Films 
by Laser Ablation and Thallium Diffusion 
Yongqiu TANG, Weiang Luo, Zuyao CHEN, Seifollah NASRAZADANI*, Fui T. CHAN, 
Gregory SALAMO, Donald 0. PEDERSON and Zhengzhi SHENG 
Department of Physics. The University of Arkansas, FayetteviNe, Arkansas 72701, USA 

(Received June 29, 1992; accepted for publication September 19, 1992) 

Superconducting TISr,(Ca, Cr)CulOl thin films have been prepared on MgO(100) substrates via laser ablation and 
thallium diffusion. Precursor SrCaCrCuO films were first deposited by an excimer laser; thallium was then incorporated 
by annealing the precursor films between un-fired TlSrCaCrCuO bulk pellets. The product superconducting films are 
1212 phase and exhibit T,(p=O) up to 90 K and J,(transport) up to 104 A/cm2. 

KEYWORDS: superconducting thin film, high T, superconductor, TI-Sr-Ca-Cu-0 system, "1 21 2" phase, Cr ad- 
dition, laser ablation 

Among M-substituted (M=Pb, Bi, Cr or rare earth) 
1212-type phase (Tl, M)Sr2(Ca, M)Cu207 compounds,'-') 
the Cr-substituted T1Sr2(Ca, Cr)Cu201 exhibits a Tc as 
high as 110 K and is easy to synthesize.') Motivated by 
this easy formation and high T,, we have successfully 
prepared 100 K TlSrZ(Ca, Cr)Cu2O7 superconducting 
films via spray pyrolysis and thallium diffusion.') 
However, the films obtained by the spray technique are 
generally thick and rough on surface which may not be 
suitable for certain electronic applications. In this paper, 
we report the preparation of T1Sr2(Ca, Cr)Cu201 
superconducting films on MgO(100) substrates using 
laser ablation and thallium diffusion. Zero-resistance tem- 
perature T,(p=O) of the best films was 90 K, and the 
critical transport current J, was about lo4 A/cm2 at 77 K. 

The laser ablation target with nominal composition of 
Cro.2Sr2CaCu20, was prepared by sintering a pellet of 
properly mixed powder of Cr203, SrO, CaO and CuO at 
880°C for 24 h. Precursor films were deposited onto 
MgO(100) substrates at 260-280°C using a Kr-F excimer 
laser with a wavelength of 248 nm. The laser operated at 
20 Hz with a power of 200 mJ. The oxygen pressure in 
the deposition chamber was 200 mTorr and the deposi- 
tion time was 7-20 min. The as-deposited precursor films 
were then put between unfired T1Cro.2Sr2CaCu20, bulk 
pellets in a covered alumina cylinder, and were heated in 
a programmable tube-furnace at 860-880°C for 30-180 
min in an oxygen atmosphere. A high temperature 
worked with a short annealing time while the lower tem- 
perature treatment took longer. In the cooling step, some 
films were cooled in argon while others were cooled in ox- 
ygen. Different cooling rates were used. The methods and 
instruments used for investigating the thickness, mor- 
phology, X-ray diffraction patterns as well as the T, and 
Jc of films were all described in ref. 8. 

The precursor films deposited by laser ablation were 
mirror-like with a shiny dark brown color and were not 
conducting. The thickness of the films varied from 0.3- 
0.8 pm depending on the deposition time. After the T1- 
diffusion procedure, the films turned black, and were 
superconducting. Although the preparation conditions 
for TlSrCaCrCuO films were much less sensitive than 
that for TlBaCaCuO superconducting films," the anneal- 
ing procedure was still very crucial for the superconduct- 
ing properties. 

*~epar tment  of Mechanical Engineering, The University of Arkansas. 

Table I lists the processing conditions and T, and J, for 
some films. It shows clearly that both annealing tempera- 
ture and cooling rate play very important roles in the film 
properties. Film S1 was annealed at 880°C for 30 min in 
an oxygen flow. The X-ray diffraction pattern of this film 
(Fig. 1) shows that the film is single 1212 phase T1Sr2(Ca, 
Cr)Cu207 and exhibits a strong orientation with c-axis 
perpendicular to the surface of the MgO(100) substrate. 
However, T,(p=O) of the film is only 82 K and the Jc is 
also low ( < 10' A /  cm2). The SEM photograph (Fig. 2(a)) 
illustrates that the film consists of uniform crystalline 
grains with an average size of 2 pm, but the morphology 
is porous. Obviously, it is the porosity that causes the 
poor J, of film. In contrast, films processed at lower tem- 
perature have random orientation but are more dense 
(Fig. 2(b)). These films exhibit higher Tc(p=O) and Jc. By 
decreasing the temperature from 880°C to 86S°C, T, is in- 
creased from 82 K to 90 K (also see Fig. 3). A rapid cool- 

Table I. Annealing condition and T,(p=O) and J, for some films. 

Sample Annealing condition T,(K) J,(A/cm? 

S1 880°C, 30 min ( 0 3 ,  82 6 x  10' 
cooling rate: SO°C/min (Ar) 

SZ 87S°C, 60 min (02), 85 1 x 10' 
cooling rate: SO°C/min (Ar) 

S3 870°C, 90 min (01), 86 2x10' 
cooling rate: 50°C/min (At) 

54 870°C. 90 min (01), 87 2x10' 
cooling rate: SO°C/min ( 0 3  

SS 86S°C, IS0 min (01), 90 1x10' 
cooling rate: Z°C/min (0,) 

S6 860°C, 180 min (O,), 90 1x10' 
cooling rate: 2OC/ min ( 0 3  

Fig, I. X-ray diffraction pattern for the superconducting TISrl(Ca, 
Cr)Cu,O1 film SI  in Table I. It shows that this film is single 1212 
phase and is highly oriented. 
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4;: 

r-%-% 
$ ~ l h c a C u O  samples with 95Xpure 2223 phau TI,Ba,Ca,Cu,O,.-.and 120 K Tc can be prepand ~n a non-cloud system from 

- mmpnent oxldes w ~ t h  a startrng composit~on of 2223 by heating at 895 "C for about 48 h in flowing oxygen. Wrth this procedure. 
7 ckmental addition at 0.2 molar level maintains 2223 phase punty of 75-9596 and a 7, of I 12-120 K for most of the ~nveal~gated 
3 element* (Na, K. Rb.Ti. Zr. Hf. V, Nb, Ta. Mo. W. Zn. Cd. Hg, Seand Te). ' 1 

-%% 
f, Iptroduction composition TlzBa2Ca2Cu,0,, the dominant phase 

3 
'?cr in samples IS the 221 2 phase Tl2Ba2CaCuZO8- in- 

a holds the record of T, of  125 stead of 2223 phase T12Ba2CazCu3010-s [3,161. 
a stable and reproducible superconductor. There Some groups reported that a non-stoichiometric 

have been numerous papers worldwide on the study starting composition (most of them using excess Ca 
this However, compared with the rare or Cu or both) can facilitate the formation of the & h-based I23 compound and the bismuth-based 2223 phase (see for example, ref. [3 ]  ). However, in 

@phase, the study is far from sophisticated. Even this case, the excess chemicals may form some par- 
@tjpractichl issue of producing high quality mate- asitic non-superconducting crystalline or become 
@&~emains a challenge. Since the melting point of precipitate particles which will result in poor quality 
T&,is 717°C at the atmospheric pressure and be- samples. After a systematical test for the optimum 
y& this point the vaporization of T1203 is rather heating condition for the 2223 phase 
&,almost all the methods reported so far are heat- TlzBazCaZCu3010-a we found that once the TlzO, is 
i~&the samples for a short period of  time from sev- participating in the formation of the superconduct- 
~1:minute.s to several hours [ 1 - 1 41. A few groups ing structure, its vaporization becomes much slower. 
be@ the samples for a long period of time; but a t  Therefore, we can set the heating time as long as 48 

& lower temperatures. For example, Adachi et al. [15 1 h and heating temperature as high as 895°C (slightly 
b t e d  the samples for 240 h at below 800°C. It is below the melting point of the 2223 phase) in a non- 
Qh~$us that with such a shortt ime or  such a low closed system. Furthermore, we use directly the metal 
temperature the solid state reaction of the compo- oxides according to the composition T12BazCazCu10, 
"en1 chemicals is far from sufficient. To  overcome as the starting materials. With this procedure, the 
[haproblem of Ti2o3 evaporation, many groups use quality of the samples is greatly improved because of I P~fired BaCaCuO precursor mixing with T l t03  to  sufticient reaction of the chemicals. Besides the very 

' get the expected composition and then heat them for good superconducting properties and high phase pu- 
a h0n penod of time (1-33-14]. This method, in rity, the mechanical properties such as density and 

, =medegree, can improve the chemical reaction and  hardness, are significantly improved. The density of 
I the excessive loss of thallium. However, Sam- the T12Ba2Ca,Cu10, samples can be as high as 
' pies with high quality and high phase purity are still 6.362 0.5 g/cm3 which is about 9 1 % of the calcu- ! hard to achieve even with precunors. With starting lated value for a perfect 2223 cvstal. Moreover, we 
I 1 "21-4534/9 1/$03.50 @ 199 1 Elrevia Science Publishers B.V. All rights r e w e d .  
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Abrbad. Nomlnal samples (TI, -pb,)Sr,(Sr, -,Pr,)Cu,O, were prepared, and were 
\nvestlgated by powder x-ray dltfractlon analysis and by reststance measurement. 
The results showed that a rare earth is requlred for the formation of the 1212 phase 
(TI,-,& JSr,(Sr, _,Pr,)Cu,O,. Pb doping Is necessary to increase the T,  of the 1212 
phase from 90 K to about 100 K. The formation and superconductlng behaviour of 
the 1212 phase depend on both x and y. The results can be explalned in the 
framework of the average Cu valence. 

The discoveries of the the 90 K Tl-Ba-Cn-0 system 
[I, 21 and 120 K TI-Ba-Ca-Cu-0 system [3,4] have 
stimulated numerous activities on the TI-based super- 
conductors. Two series of superconducting phases 
TI,Ba,Ca,- ,Cu,O, and TIBaaCa,- ,Cu,O, were 
rapidly identified [5-81. The member of n = 2 with 
single TI0 plane-TlBa2CaCu20,, an analogue of the 
famous 123 phase YBa,Cu,O,-is easily subjected to 
elemental substitutions, forming a large family of 1212- 
type Tl-based superconductors with the general formula 
(TI, M) (A', M'),(Aa, M")CuaO,, where M = Pb or Bi, 
A' = Ba or Sr, M' = La, AN = Ca or Sr and MN = R 
(rare earth). The discoveries of the Ca-free USr,(Sr, 
R)Cu,07 with T, of 90 K and (TI, Pb)Sr,(Sr. R)Cu,O, 
with T, of 100 K have added new members to the 1212 
family [!l-121. We believe that more new members will 
be synthesized soont. In this paper we report the effects 
of Pr and Pb on the fonnation and superconductivity of 
the 1212 phase TISrz(Sr, Pr)Ch20, and (TI, Pb)Sr2(Sr, 
Pr)Cu207. We present the preparation procedure of the 
samples and give the results from powder x-ray diffrac- 
tion analysis and resistance measurement. The results 
are discussed according to the concept of the average 
Cu valence. 

and CT1, ~.Pb~Sr,(Sro,6~o~,)C~~Oz were prepared 
using high-purity TI,O,, PbO,. SrO. Pr,O,, and CuO. 
Component oxides with certain metallic atom ratios 
were completely mixed and ground. The powders were 
pressed into pellets with a diameter of 15 mrn and a 
thickness of about 2 mm under a pressure of 
7000 kg cm-'. The pellets were placed in an AI,O, 
tube. The opening of the tube was covered with an 
A1,0, plug. The AI,O, tube with its contents was then 
put into a preheated tube furnace and heated at about 
1000°C in Bowing oxygen for 30 minutes, followed by 
furnace cooling to below 200°C. It should be noted that 
the TI in the starting compositions was about 20% 
more than the 1212 stoichiometry.The excessive TJ was 
used to compensate for the TI loss during heating so 
that the metallic atom ratios in the resultant samples 
could be nearly 1 :2: 1 :2 [(TI, Pb):Sr:(Sr, Pr):Cu]. The 
resultant samples were examined by powder x-ray dif- 
fraction analyses and by resistance measurements (AC, 
27 Hz). Powder x-ray diffraction was carried out with 
Cu Ka radiation using a DIANO DIM 1057 diffrac- 
tometer. Resistance (AC, 27 Hz) was measured by the 
standard four-probe technique with silver paste con- 
tacts. All measurements were made with computer 
control and processing, and were carried out in a com- 
mercial APD refrigerator. 

2. Experlmenl 
3. Remula 

Samples with nominal compositions of 
nSrz(Srl -,Pr,)Cuao=. wo.aPbo.~)~ra(Sr~ -,Pr,)CuzO, The diffraction lines of most of the samples could be 

assigned to a 1212 phase and/or a 1201 phase [(TI, 
t For exampk. we recently diswvcrcd a mur 1 2 1 z - t ~ ~ ~  ruprconduc. Pb) : Sr : (Sr. Pr) : Cu]. As an example. Figure 1 shows 
tor with Cr-substitutad TISraCaCulO, with T,  of 110. K [13]. th t  powder x-ray diffraction patterns for nominal 

~ ~ / s I / M M 1 2  + M $03.50 @ IQBl IOP Publiehlng Ltd 
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substituted 

Nom~nal samples Bil.,Pba2h& ,Sr2Ca f u30. and B i l . , P ~ , , 2 S r C C u , 0  where M=Pb, Sb. Y, MO and W, wen synthe- 
- sized and investigated by resistance. AC susceptibility, and powder X-ray diffraction measurements. The morphology of some 
9 samples was also studied using scanning electron microscope. The results show that in all the Bil.,~.,~lSr2Ca1C~301snmples, 

the 2223 phase is increased; in the Bi, ,Pb, ,h&2Sr2Ca2Cu30, samples, Pb, Pb-V, or Pb-Mo substituted can greatly enhance the 
2223 phase, but Pb-Sb or Pb-W substitution causes degeneration in superconductivity. The substitute(s) is believed to be incor- 
porated into the crystalline strudure, rather than simply acting ar a flux in growth of Be hlgh-T. phase. 

L .  

9 it Introduction 
> 
,T *. . . ~. 
ad-.: la-:. 
. - FtP, :<..:. p q w i n g  the discovery of high-T, superconduc- 
;?@ty in the Bi-Sr-Ca-Cu-0 system [ I ] ,  a great 
2$mber of studies on this system were carried out. 
' 4  ., . .  ,. series of superconducting phases of 
~ ~ @ ~ ~ S ~ ~ C ~ , - ~ C U , O ,  with n= 1 (2201 phase, T,<20 .."...'~* :, 
$#), 2 (22 12 phase, T,= 85 K)  and 3 (2223 phase, 
@ ,= 1 10 K) ,were identified [2-41. Unfortunately, 
:3!h12223 phase with the highest Tc is extremely dif- 
?&ult to prepare in a pure form since i t  usually in- 
..;Urgrows with the 22 12 phase. Ihmerous efforts have 
$!een made to enhance the 222'3 phase by adjusting 
$@ermal treatment [5-81, mdf i ca t ion  of the start- 
-%g composition [9-111 and by elemental substitu- 
-:'don. A very important point is that partial substi- 

Pb for Bi in this system enhances the 2223 
[ 12-1 51. Recently, Pb-Sb has most often been 

the substitution since zero resistance at 133 
::..?'.R .:%,. in the Pb-Sb substituted Bi-Sr-Ca-Cu-0 system 
?'<?b reported [ 16,171. Substitution experiments with 
3?t:3&alinemetal [18], Cd (191, Y [20], V [21], Ag rl' 

&?ad Nb [22 ] were also reported. 
..!;5.-: In attempts to find some other suitabIe substitutes 
<3 

to enhance 2223 phase in Bi-Sr-Ca-Cu-O and to 
understand the function of the substitutions in the 
system, we have carried out extensive elemental sub  
stitution experiments on Bi-Sr-Ca-Cu-0 system. In 
this paper, we report the results of the substitution 
of Pb-V, Pb-Mo and Pb-W for Bi in 
Bi2Sr2Ca2Cu3Ol0, compared with Pb and Pb-Sb 
substitution. We chose Pb-M double substitution 
because: 1 ) Pb had been proved a successful substi- 
tute, 2)  the charge carrier concentration resulting 
from Pb-M substitution might be different from that 
for Pb single substitution, 3) we wanted to compare 
this system with the quite popular Pb-Sb substitu- 
tion. We prepared two series of samples with nom- 
inal compositions of Bil.7Pb0.2M,,.lSraCa2C~30r and 
Bi l.,Pbo~SMo.2SraCa2C~,0 where M = Pb, Sb, V, Mo, 
or W, and examined them by resistance, AC suscep- 
tibility measurements and powder X-ray diffraction 
analyses. Scanning eIectron microscope (SEM) was 
used to study the morphology of samples 
Bi2Sr2Ca2Cu3010 and Bi,.,Pbo.sMo.2Sr2Ca2Cu30x. 
The results showed that P b V  and Pb-Mo, as well 
as Pb, are good substitutes to enhance the high-Tc 
phase. Samples with about 90% 2223 phase and zero- 

x0921-4534/91 /$03.50 B 1991 - Elsevier Science Publishers B.V. (North-Hollmd) 6". 
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Abstract Electron Paramagnetic Resonance (EPR) has 
been found to be a quick and easily accessible method for 
measuring the London penetration depth, A, for the high-T 

C / s ~ p ~ r ~ ~ n d u ~ t ~ r s .  The method utilizes the broadening of 
the EPR signal of a spin-probe compound adsorbed to the 1 surface of the superconductor. The broadening of the EPR 
signal is due to the formation of the magnetic flux 
1 a t . t . ' ~ ~  below T and is measured as the second moment, 

[ <AH">. <AH'> Is fitted to the Brandt equatiof for a 
simple triang,ul_a,r, lattice: <AH > - - / 0. 00371ho[l-(TITc) ] . This method yields ho = 2700 f 

1 100 %, with a T of 84 K for Bi2Sr2CaCu20x and 2520 5 100. 
\ - / A with a T of 119 K for T12Ba2Ca2Cu,0x. The precision of 

k100 fi or better compares well with those of the more 
traditional techniques of p + ~ ~ ,  neutron diffraction, and 

, magnetic susceptibility. 
I 

INTRODUCTION 

Although other methods are used for the measurement 

of , such as muon spin resonance (I~sR) ' ' ', d.c. 
3 , 4  subc2;tibility , neutron scattering5, and N M R ~  * 7 ,  the 

Procedure based on EPR spin-probe methodology was thought 

to be desirable, because each of these methods has some 

shbrtcorningsl - 6. For example, muon spin resonance 

measures h via line broadening as a result of the flux 

Pehetration. However, one must estimate the contribution 
1, 2  from relaxation broadening, which appears hard to do . 

Ne~tronscattering needs access to a high (neutron) flux 

reactor and studies the bulk properties of a 

satnple5. Susceptibility measurements require an 
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latter is the first Ca-free superconductor 
ove 100 K 114, 151. The results are discussed 

in terms of the concept of the mixed Cu valence. 

2. Experimental 

The samples were prepared using high-purity oxides 
T1203, SrO, Pr,O,,, Er203, and CuO. In a typical pro- 
cedure, component oxides with a certain metallic atom 
ratio were completely mixed and ground. The powder 
was pressed into a pellet with a diameter of 15 mm and 
a thickness of about 2 mm under a pressure of 
7,000 kg/cm2. The pellet was placed in an alumina tube. 
The opening of the tube was covered with an alumina 
plug. The alumina tube with contents was then put into 
a preheated tube furnace, and heated at about 1000 "C 
in flowing oxygen for 30 min., followed by furnace cool- 

200 OC. Note that in the present experi- 
starting compositions is in excess by 20% 

12 stoichiometry in order to compensate the 
g heating. The resultant samples were exam- 

ined by resistance measurements and by powder x-ray 
diffraction analyses. Resistance (ac, 27 Hz) was measured 
by the standard four-probe technique with silver paste 
contacts. All measurements were made with computer 
control and processing and were carried out in a com- 

closed cycle refrigerator. Powder x-ray dif- 
carried out with Cu-Ka radiation with 

use of a DIANO DIM 1057 diffractometer. 

2RCu20, which is a semiconductor. It turned out Single phase sample was synthesized for both 
Sr-substitution for R in the semiconducting TlSr2PrCu20, and T1Sr,ErCu207. The powder x-ray 

2RCu20, produced the 90 K superconducting diffraction pattern for TlSr2PrCu20, could be indexed 
z(R, Sr)Cu207. In this paper, we report the synthesis based on a tetragonal structure with unit cell of 
identification of the semiconductor TlSr2RCu207 a =  3.845(1) 8, and c= 12.098(2) A. Similarly, the diffrac- 
Pr or Er). We give its superconducting derivatives tion pattern for TlSr2ErCu20, could be indexed as a 
2(R1 -,,Sry)Cu207 and (TI1 -.Pb,)Sr2(R, -,Sr,). tetragonal unit cell of a= 3.8041) A and c= 11.993(2) 
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Nominal samples TISr2(Sra~Ro.,)Cu2OX with R=Sc. Y a n d  lanthanides, have been prepared, and investigated by X-ray dif- 
fraction analysis and resistance measurement. The  sample with R=Y, Pr, Nd, Sm, Eu. Gd, Tb. Dy, Ho, Er. Tm. Yb, or Lu consists 
mainly of a tetragonal 1212-type phase TISr,(Sro.jR~.5)Cu20,-d, and exhibits a superconducting transition at about 90 K. The 
sample with R=Ce fonnsa very pure 121 2 phase, but is a semiconductor. The sample with R=Sc forms essentially a 1201 phase, 
and is a semiconductor. The sample of R =  La consists of 1201 phase as its major phase and a I21 2 phase as its minor phase, and 
shows two-step superconducting transitions a t  40 K and 90 K. The results are discussed from the point of view of the average 
valence o lCu and the ionic size of the rare earth. 

1. Introduction 

The TI-based 12 12-type superconducting corn- 
pound (Tl, M)A2(A1, M')CU,O,-~ was first iden- 
tified iq the TlBiSrCaCuO system by Haldar et al. 
[I 1, and in the TlBaCaCuO system by Parkin et al. 
[2]. The 12 12-type phase has the following features: 

( I )  its crystal structure is similar to that of the well- 
I known 123 phase RBa2Cu,07-6; 

(2) it can be widely subjected to elemental sub- 
stitutions, for example, M can be Pb or/and Bi, A 
can be Ba or/and Sr, A' can be Sr or/and Ca, and 
M' can be Ca or/and R (R=rare earths); 

(3) the T,'s of this family vary from 70 K to 106 
K and strongly depend on the species of the substi- 
tutes M and M' [I- 171. The TISr2 (Sr, R ) C U ~ O ~ - ~ ,  
an offspring of the 1212-type family, has T, of 80- 
90 K [ 11,121. Partial substitution of Pb for TI in this 
compound has led to the first Ca-free (TI, Pb)Sr2(Sr, 
R ) C U ~ O ~ - ~  with T, above 100 K [ 16,171. The rare 
earths play a very important role either in TlSr,(Sr, 
R)Cu2O7_, or (TI, Pb)Sr2(Sr, R )CU~O, -~ .  HOW- 
ever, the existing data are limited to R = Pr, Nd, Tb, 
and Er [ 1 1,12,16,1.7]. For a systematic knowledge 

. of the effects of rare earths on the formation and su- 
5% perconductivity of  the 121 2 phase, we have carried -.. 

out experiments on all rare earths including Sc and 
Y. In this paper, we report the preparation of sarn- 
pies with starting composition of 
TISr, (Sro.,Ro.,)Cu20, (R= Sc, Y, and lanthanides) 
and the results of characterization by powder X-ray 
diffraction and by resistance measurement. We 
1:hoose the starting composition of 
T1Sr2(Sro.,R,,,)C~20, because our previous exper- 
~rnents have showed that the sample of R=Pr  or Er 
with this starting composition forms nearly pure 1212 
phase and exhibit good superconducting properties 
[ 181. We will discuss the effects of different rare 
earths on the formation and superconductivity of the 
12 12 phase from the point of view of the ionic radius 
of R and the average valence of Cu. 

2. Experimental 

Samples for the present investigation were pre- 
pared using high purity (99.g0h or higher) T1203, 
SrO, CuO, and rare earth oxides (R203, except CeO,, 
Pr601 ,, and Tb407). The preparation procedure, X- 
ray diffraction analysis, and resistance measurement 
are similar to those in refs. [ 16-1 8 1. 

0921-4534/91/$03.50 O 1991 - Elsevier Science Publishers B.V. (North-Holland) 
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n(sr.hh-% 'WS~.~)Z(GY)CU,O'I,  .Ild WPb)(SrU)a(QW3@7 = F. 
cburrterized. Tbuq dl du in t ivu  d tbc 1212-ypc phsc llSraCaCu,O, lrom b e n W  sutnl- 
Pbfor~hforSr,or/lradYforCqh.vcbccnsyothuised haodYpIayaaimilsrrdemIhc 
substitutions, Pb u to increw the Tc hom 90 K to lbove 100 K m thc double suktitutioDI 
whk.1plrylrmbsu11ll.r toLalradY htbchgksubst i tu t iaa  'IbetripLsubdutiondPb,Lqaad 
Y dounotbuuseTc tocvcnhighu. TheoptimJavvqcCunLoahLZO t 0.05, I h c b c e f a  
dl derivahs. 

ad substitutioru. Pb for TI, La for Sr. or/and Y for CA Tbe 
tr am pruelltcd, and uc dirwrcd m (h hamework of average 

valence by !p\a 

, GO,  Y20,, md CuO. Appropriate mounts d component 
m r e  compktcly mbad d pound, md p r d  into pcllttr 
diamew of 7 mm and a thiJrow of about 2-3 mm. The 

ttr m r e  placed io a covered dumiaa crucible. Tbe uuabk with 

2 8 (degree) 

F w e  1 X-ray dimadion p u u n  f a  the umpk TI(Sr,&)- 
(%Y-0" d y = 0.4. 

that all the m p l a  arc nearly pun UU p b .  The diffraction 
patterns cra be well indexed brrcd oa a tctragond unit cell with a 
= 3BlA A c = 120 A (space group Pl/mmm). ilr an uample. 
F i r e  1 showr th idr.rcd x-ray d f i a h  pattva for the 
sample l l (Sr&+(~Y&Ov of y = 0.4. Thc lroicc 
parameters a and c for tbe m p l u  are listed in Table I. 

Table I lattice p ~ m e t c n  md Tc'r fa 
Cnl-P4)~~A)(C.1.L"JCu,% 

1 Y 2 #(A) 4) I49 T4K) 
OQSa zuo-R 

0.0 0.2 0.0 3.780 l2.m 40 20 
0.0 0.3 OD 3802 12092 SO 29 
0.0 0.4 0.0 3801 l2076 88 56 
0.0 0.5 0.0 3812 12076 90 n 
OD 0.6 OD 3815 12.U73 92 W 
0.0 0.7 OD 3814 12019 TI 71 
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Nominal TISr,(Er,-,Sr,)Cu,O, samples were prepared, and were investigated by powder X-ray diffraction analyses, 
and by resistivity and thermoelectric-power measurements. The samples with y =0.0-0.5 are nearly pure 1212-type phase 
TlSr,(Er,~~,.Sr,)Ci1,0,-,. The I212 phase'converts from semiconducting to superconducting at y =0 .1-0 .2 .  and exhibits 
the optimal superconducting behavior when y=0.4-0.5.  In the rangeof 150-300 K ,  the thermopower values of the 1212 
phase are nearly temperature-independent. The hole concentration calculated from the thermopower data using the Hub- 
bard model in high temperature limit with strong on-site Coulomb interaction is quantitatively consistent with the y l ?  
value. 

KEYWORDS: high T,superconductor, TISr,(Er,_,SrV)Cu,O7-,~, thermopower, resistivity. Hubbard model, mixed 
Cu valence 

The 1212-type phase MA2A1Cu207-6, where M, A, 
and A' are metallic elements, is an analogue and a more 
general form of the 123 phase YBazCuj07-a (the 123 
phase can be written as C U B ~ ~ Y C U ~ O , - ~ ) .  While a large 
volume of data have been published for the 123 phase, 
the systematic data for the transport behavior of the 1212 
phase are not available. In previous papers, we reported 
the formation and superconductivity o f  the TI-based 
1212 phase TlSr~(R1-,Sr,)Cu207-~ with R = P r  and Er') 
and TISrz(Ro5Sro.s)Cu~O~-a with R=all  rare earths.l) In 
this paper we further present the detailed data from resis- 
tivity and thermoelectric-power measurements for 
T l S r z ( E r l - y S r y ) C ~ Z 0 7 - ~ .  The thermoelectric power data 
are particularly interesting in that they can be quan- 
titatively explained in terms of the Hubbard model in 
high temperature limit with strong on-site Coulomb in- 
teraction. 

Nominal T1Sr2(Erl-,SrY)Cu2Ox samples with y=O.O- 
1.0 were synthesized using the solid reaction. Ap- 
propriate amounts o f  high purity T1203, SrO, Er203 ,  and 
C u O  were mixed, ground, and then pelletized. The 
pellets were put in a n  alumina crucible with a cover, and 
were heated in a preheated furnace at about 1000°C in 
flowing oxygen for 30 minutes. After heating, the pellets 
were furnace-cooled t o  below 200°C. Resistivity of the 
samples was measured by the four-probe technique with 
an ac frequency o f  27 Hz. Thermoelectric power was 
measured using a modified dc differential method.') 
Powder X-ray diffraction measurement was performed 
by Cu-K, radiation using a DIANO DTM 1057 diffrac- 
tometer. 

Powder X-ray diffraction analyses show that the 
TISrz(Erl-,Sry)Cu20x samples with y=0.0-0.5 are 
almost pure 1212-type phase, whereas the samples with 
y>0.5 contain a 1201-type phase besides the 1212 
phase. The content o f  the 1201 phase increases with y, 
and the sample of y=1 .0  consists essentially of the 
1201 phase. The  1212 phase has a tetragonal unit cell 
(space group P4/mmm) with lattice parameters of a- 

3.81 A and c- 12.00A. This structure corresponds to 
TISrz(Sr, R)Cu207-a. Figure 1 shows the schematic draw- 
ing of the 1212 phase. The  1201 phase also has a 
tetragonal unit cell (space group P4/mmm) with a-3.75 
A and c- 8.90 A. Figure 2 shows the diffraction patterns 
for thesamples with y=O.O, 0.3, and 0.7. Table I lists the 
unit cell parameters and the volume fraction of the 1212 
phase for the samples of y=0.0-0.7. The volume frac- 
tion was estimated based o n  the comparison of intensity 
of the (103) reflection in the 1212 phase with intensity of 
the (102) one in the 1201 phase. 

The resistivity(p)-temperature(T) plots for the 
TlSr2(Erl-ySry)Cu20, samples are shown in Figs. 3(a) 
and 3(b). The samples with y=O.O and 0.1 exhibit a 
semiconducting behavior. The  sample with y=0.2 shows 
no significant change in resistivity from 300 to 150 K. 
Thep-Tcurve starts to, go u p  at about 150 K until the tem- 

Fig. 1 .  Schematic structure of the 1212 phase T1Sr2(Er, Sr)Cu20, .*. 
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Nominal ZnTIBaCuO,.,, CdTlBaCuO,,, and H ~ T ~ B ~ C U O , , ~  sampies have been prepared 
under different conditions and have been studied by resistance and ac-sasceptibility 
measurements compared to nominal T I B ~ C U O ~ . ~  samples. In general, the Z ~ T I B ~ C U O ~ . ~  
samples required less strict heating conditions to reach zero resistance near liquid nitrogen 
temperature; the CdTlBaCuO,,, samples had lower T,; the HgTlBaCuO,,, samples 
showed slightly improved T, at certain conditions. In contrast to La2 - .Sr,CuO,, Zn-addition 
did not significantly depress Tc of TlBaCuO. This observation is worthy to be icvcstigated 
further. Hardness of the ZnTlBaCuOA5 and C ~ T I B ~ C U O ~ , ~  samples was greatly increased, 
which could have importance in the practical applications of these materials. 

INTRODUCTION made. Appropriate amounts of BaCuO, TI@,, and ZnO, 

The discovery of the 90 K TlBaCuO systemIv2 and thc 
120-K TlBaCaCuO has stimulated worldwide ex- 
perimental investigations on T1-based superconductors. A 
series of superconducting compounds with a general for- 
mula of TlmBa2Ca, - IC~,,01,5m + Z,z - with m = 1-2 and 
n = 1-5, have been rapidly Among them, 
T12Ba2Ca2Cu3010 (2223 phase) and m2Ba2CuO6 (2201 
phase) are particularly interesting. The former holds the 
record of the highest reproducible Tc of 125 K , ~ , ~ , '  whereas 
the latter has superconducting behavior strongly depen- 
dent on preparation conditions and has T, from 0 K to 
at,,,ve 90 K, i.2,7,8.1&14 

Historically, the 120-K TiBaCaCuO system was dis- 
covered by adding Ca into the 90-K TlBaCuO parent sys- 

In view of this fact and in view of the interesting 
behaviors of Tl,Ba2Cu06, we have carried out extensive 
elemental addition experiments for the TlBaCuO system. 
We have reported the results d addition of 4 + valence 
element Ce, Ti, Zr, or Hf.l5.I6 In this paper, we report the 
results of addition of 2 + valence element Zn, Cd, or Hg. 
The results showed that in general, Zn changed T, slightly, 
Cd depressed To and Hg could increase T, slightly if a 
proper preparation condition was used. 

EXPERIMENT 

The samples were made using a two-step procedure 
with high purity Tl2O3, I3ao2, CuO, and ZnO, CdO, or 
HgO. The first step was the making of a BaCuO precursor. 
According to our experience and the literature," excessive 
Cu in TlBaCuO is helpf~l to reach higher T,. For this 
reason and for exploring possible new superconducting 
phases, we made BaCu02 precursor rather than Ba2Cu03. 
Appropriate amounts of Ba02 and CuO were mixed and 
ground in an agate mortar. The resulting mixture was put 
into a tube furnace, and was heated at 900 "C in air for 20 
h. The heated mixture was taken out of the furnace and 
ground again. The second step was the making of samples 
with nominal compositions of Z ~ T I R ~ C U O ~ , ~ ,  
C ~ T ~ B ~ C U O ~ . ~  , and H ~ T ~ B ~ C U O ~ . ~ .  For comparison, sam- 
ples with nominal composition of TlBaCuO,,, were also 

CdO, or-Hg6 were mixed and ground completely in an 
agate mortar. The resulting powders were pressed into pel- 
lets of about 12 mm in diameter and 1-2 mrn in thickness 
using a hydraulic press. The applied pressure was about 
7000 kg/cm2. All samples were sintered in a tube furnace 
with a quartz tube. The atmosphcre was created by flowing 
a gas through the tube. The furnace was - ; l~c 'nr .~ t : ( l  'to a 
certain temperature. The samples were put on a piece aP 
gold foil in an alumina boat. The boat and contents were 
quickly introduced into the prehezted furnace acd heated 
for a ccrtain period of time. The sampies were then 
quenched to room tempcraturc by rcmovir~g the boat from 
the furnacc. Five batches of samples were prepared. Prep- 
aration conditions for each batch are summarized in Table 
I. For simplicity, nomirlal samples TIB~CUO, ,~ ,  ZnT1- 
B~CUO, ,~ ,  C ~ T ~ B ~ C U O ~ , ~ ,  and HgT1BaCuO4., arc denoted 
by T1, Zn, Cd, and Hg, respectively. The numhir follbwed 
TI, Zn, Cd, ar~d Hg are batch No. Therefore. Zn-1 repre- 
sents the sample Z ~ T ~ B ~ C U O ~ , ~  made in batch No. and 
SO on. 

Resistance was measured by a four-probe technique 
with an ac of 27 Hz. The sample and the leads were%on- 
nected with silver pastc. The ac susceptibility was mea- 
sured using the standard niutual inductance tecl~nique sim- 
ilar to that by  ort ton'^ with an ec of 50!) Hz. 'Both 
resistance and ac susceptibility rneasuret~ic,~.. \ ~ r e  c~~'i~icd 

TABLE I .  Summary of preparation conditions for riornlnal sibples 
1'IBaCu03 5 ,  ZnTIBaCuO,,,, CdTIBaCuO, ,, and HgTlHaCuO, ?. :. 

Batch Heal time Temperature 
No. (min) ("C) At~nosphere 

1 5 900- ')05 argon 
2 5 9 0 0 5  oxygen . 
3 h 910-915 ox ygen 
4'1 8 915-923 air - I 

5b 6 920-,925 flowing oxygcn 
2 min and ' 
then c;ltc# ' 

"HgTINaCuO, , sample melted partly. 
hAll san~plcs melted parlly. 
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Supcmndudivity up to 105 K was observed in the Ca-free TI-Pb-Sr-Pr-Cu-O system. Powder X-ray diffraction analyses 
showed that a 132 phase was responsible for the Obsaved superconductivity. ( n ~ . , ~ . , )  (Srl.,Pro,,)CulO, was nearly single 132 
phase, and had ataragona] unit ~eUw1th U=3.84091(38) A and c=12.1952(12) A. 

The discovery of the 1 10 K Bi-Sr-Ca-Cu-0 SYs- 
tem [ I ]  and the 120 K TI-Ba-Ca-Cu-0 system [21 
has led to a number of new superconducting systems 
above 100 K. Among them are 'II-Pb-Sr-~a-Cu-O 
[3] and TI-Bi-Sr-Ca-Cu-0 system [ 4 1- Although 
100 K superconductivity in the Ca-free TI-Bi-Ba- 
Sr-Cu-0 system and TI-Ba-Zr-Cu-0 system has 
been repned [4,5 1, the systems showing reprodu- 
cible superconductivity above 100 K all contain Ca. 
The Ca-free TI-Sr-RE-Cu-0 System (RE=mre 
earths) was found to be superconducting at about 40 
K [6] and 90 K [7]. The phases responsible for the 
40 K and 90 K superconductivity were identified to 
be 'T1(Sr2-,RE,)CuO, (121 phase) and 
TI (Sr3-,RE,)Cu,O, ( 132 phase) [TI - Funher work 
showed that when TI was partially substiiuted by Pb, 
the T l -PbSr -R~-c~-o  system could form a su- 
Perconducting phase with 0nset.temPeratures UP to 
105 K. The phase was - identified to be 
(n, -J'b,) (Sr3-,RE,)Cu20, ( 132 phase). TO our 
knowledge, this is the first observation of reprodu- 
cible superconductivity above 100 K in a Ca-free 
system. h this paper, we present the results using Pr 
as an example of rare earths. The results with other 
rare earths will published in a separate Paper. 

Samples were prepared using high-purity T1103, 
PbOz (or Pb(N03)2), SrO (or SrCO3 and 
Sr(NO,),), Pr60,, and CuO. Two typical Prepara- 
fion procedures were employed. In procedure I, 

component compounds with a certain metallic atom 
ratio were completely mixed, ground and pressed into 
a pellet with a diameter of 7 or 15 mm and a thick- 
ness of 1-2 mm. The pellet was heated at about 
720" C for 5-20 h in air. The pellet was then heated 
in a tube furnace at 980-1000°C in flowing oxygen 
for about 10 min, followed by quenching or furnace 
cooling. In procedure 11, component oxides with a 
certain metallic atom ratio were mixed, ground, and 
pressed into a pellet with a diameter of 15 mm and 
a thickness of about 2 mm. The pellet was heated in 
a tube furnace at about 1000°C in flowing oxygen 
for 30 min, followed by furnace cooling. The sam- 
ples were examined by resistance, AC susceptibility 

I I 

and thermoelectric power measurements, and by 
powder X-ray diffraction analyses. Resistance (AC, 
27 Hz) was measured by the standard four-probe 
technique with silver paste contacts. AC (500 Hz) 
susceptibility was measured using the standard mu- 
tual inductance method. Thermoelectric power was 
measured using a set of apparatus described in reE 
181. All measurements were made with computer 
control and processing, and were called out in a com- 
mercial APD refrigerator. Powder X-ray diffraction 
was carried out with Cu-Ka radiation with use of a 
DLANO DIM 1057 diffractometer. 

Figure I shows resistance-temperature depen- 
dences for a Pb-free 11-Sr-Pr-Cu-0 sample (A)  and 
a nominal (Tla8Pbo Z) (SrzPr) Cu20X sample ( B )  
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Following up our previous work 1241 on the fabrication of the 
Biz.-,VxSr2CazCu30y and Biz-,V,Sr2CaCu20, superconductors with x 
ranging from a fraction to unlty we report here the fabrication of 
double-substituted superconducting ceramics satisfying the nominal 
stoichiometric ratio of Biz- x+y,V,Pb,Sr2CazCu30,, where x, y run 
from small fractions to 0.7. bar  most of the samples, the lower T, = 
80 K phase disappears, leaving the higher T, = 110 K phase. Since a 
wide range of combinations of x, y can lead to similar superconductors 
and that the pure T, = 110 K phase samples are associated with larger 
values of (x + y), we believe that the V-Pb substitution is significantly 
different from the Pb-doped or Pb-Sb-doped cases in the basic crystal 
structure. Our samples are found to pass through the paramagnetic to 
the diamagnetic state as the temperature is decreased across the critical 
temperature region. 

I I .  INTRODUCTION 

IT HAS been found that there are quite a large num- 
ber of crystal structures or phases that can co-exist o r  
exist under separate conditions in the class of Bi-Sr- 
~ a - k u - 0  superconductors [l-51. For examples, there 
are nominal compositions satisfying Bi : Sr : Ca : Cu = 
2:2:0:1 (T, - lOK), 1:1:1:2(T, < 80K),2:2:1:2 
(T, - 80 K) and 2 : 2 : 2: 3 (T, - I 10 K). While the 
lowest order phase (2 2 0 1) is mono-clinic, the other 
phases so far reported seem to have average ortho- 
rhombic structures with different crystal parameters. 
The (2 2 0 I), (2 2 1 2) and (2 3 2 3) phases have single, 
double, and triple layers of Cu02 plane in the sub-unit 

11 respectively, and more ChO, planes are believed to 
associated with higher values of T,. It is therefore 

Important to enhance the (222 3) 110 K phase by 
using various methods of preparation [e-g. 6, 7] or by 
doping. In fact, Al, La, Sb and Pb doped in the Bi-type 
superconductors [8-211 have been reported and the 
last member Pb has been found to be a rather good 
dopant in enhancing the I IOK phase. The double 
doping with Pb-Sb has aroused interest along this line 
(22,231. However, only a very limited amount of the 

Permanent address: Physics Department, University 
of Kansas, KS 66045, USA. 

dopant can replace Bi, in the nominal composition 
( < 40%). 

In order to understand more fully about the role 
played by dopants of the high T, phases of the Bi-type 
superconductors, it is crucial to find out whether other 
dopant(s), apart from Pb, could also enhance the for- 
mation of the high T, phase(s). Even more important 
it is crucial to find out whether any other element can 
have an equal standing as Bi; at the end, we hope that 
Bi can be replaced completely such that a new super- 
conductor class can be found. The recent band struc- 
ture calculations 1241 on a hypothetical structure same 
as the bismuth structure but with the composition 
V2Sr,Ca,Cu20, produce a band structure favouring 
the formation of condensed charged excitons. Accord- 
ing to the EEM theory [25, 261 a superconductor 
would result if such a condition is satisfied. Thus such 
an estimation suggests that vanadium might be used 
to replace Bi, at least partially. With this motivation in 
mind, we have attempted and have succeeded in replac- 
ing Bi by V in the predetermined (2 2 1 2) and (2 2 2 3) 
superconductors up to at least a ration of r = 
V/Bi = 1. We have demonstrated that the R-Tcunes 
show clear sudden drops at about I IOK, though the 
T, (R = 0) value is only several degrees above that of 
the pure Bi-type superconductor prepared under same 
conditions. The readiness in the formation of the 
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The Ca2+ is successfully substituted for the 3+ rare earth element' in the 
123 ceramic structure. A double phase transition is observed in oxygen 
deficient samples. A superconducting transition onset occurs at 90K, 
and all resistivity vanishes at 73 K. However, at a lower temperature of 
50 K the sample exhibits a superconducting to insulating transition. 
The double transition in R-T is accompanied by a corresponding 
double magnetic transition in 1-T. 

1. INTRODUCTION electronic model [87 which has ignored the magnetic 

THE Y-123 superconducting ceramic appears to be 
the only cuprate so far found that is stoichiometric [I], 
which makes the study of its electronic structure [2-51 
less complicated. However, it is also well known that 
oxygen deficiency can occur in this material, and as 
oxygen molar ratio in the compound reduces below 
6.5, the compound goes through an antiferromagnetic 
phase transition at a temperature close to the original 
non oxygen deficient superconducting critical tem- 
perature, and no superconducting phase is realized in 
this sample. This apparent antiferromagnetic phase 
transition near the superconducting critical tempera- 
ture under oxygen deficient condition has drawn 
theorists to speculate that there is a coupling beh~een 
the spin-spin interaction and the superconducting 
mechanism [6]. Since most high temperature Super- 
conductors contain copper, which has a d-orbital 
electron, it is difficult to delineate the magnetic moment 
interaction from charge electronic interactions which 
is responsible for the BCS [a low T, superconducting 
mechanism. We have proposed a purely charge 

* Permanent address: Department of Applied Science, 
City Polytechnic of Hong Kong. 

moment interacting terms for the explanation of the 
high T, mechanism. This theory has been received with ' 
skepticism by others and is rightly so because of the 
above mentioned presence of an antiferrorr.dbr.ct;r: 
phaw in some of the ceramic cuprate superconduc- 
tors. Another rather puzzling fact also dealing with 
the Y-123 compound, is that there exists a telragonal 
phaw with 6 oxygen in the unit cell. This phase has 
similar lattice parameters and rather close electronic . 
structures. Except that the copper oxide chain is 
replaced by a pure copper plane, thus in the electronic ' 

structure intrinsic hole states due to the copper oxide 
chain is missing [9]. The tetragonal Y-I23 phase is not 
a superconductor. In the earlier days, people speculated., 
the importance of the copper oxygen chain structure. ' 
Unfortunately, other experimental investigations. 
such as p-spin relaxation, internal friction expcnmena 
[lo] etc., all points to the contribution of the copper 
oxygen plane instead. Thus it appears to us that the 
oxygen deficiency in the copper oxygen chain serves 
more in enhancing the formation of ;b "xtiferrc- 
magnetic phase rather than the supe~onductarp , 
phase. In fact, since the presence of the antiferro- 
magnetic phase in the oxygen deficient compoud also 
precludes the existence of superconductivity in these . 
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The resistance and the thermoelectric power of thallium based high T, 
superconductors TI-Ca-Ba-Cu-0 and Pr-TI-Sr-Ca-Cu-0 have been 
measured in the temperature interval 77-300 K. The resistive behaviour 
OFTI-Ca-Ba-Cu-0 is found to be metallic while that of Pr-TI-Sr-Ca- 
Cu-0 shows a mixed metallic and semiconductive behaviour. The 
thermoelectric power of both superconductors is positive throughout 
the temperature interval. The thermoelectric power of the TI-Cn-Ba- 
Cu-0 superconductor decreases linearly with increasing temperature 
above the superconducting transition temperature, T,, below which it 
is zero. The ther~noelectric power of the Pr-T1-Sr-Ca-Cu-0 sample 
shows a maximum near 180K. The temperature dependence of the 
thermoelectric power of these samples, above T,, is quite different than 
that observed for RBa2Cn,07-, superconductors. 

INTRODUCTION in TL,Ca2Ba2Cu,010 (referred to hereafter as the 2 2 2 3 
phase). Appreciable disorder of the oxygen a t o m s  in 

AFTER THE discovery [I] of RBa2Cu30,-, high T, the TI-0 sheets was observed for both compounds;' 
superconductors with T, = 90 K where R stands for a and evidence of a small oxygen deficiency in the 2 2 2 3 
rare earth element, a higher T, of about 100-125K TI compound was found ( x  = 9.86 instead o f  10, 
was obtained in TI-Ca-Ba-Cu-0 superconductors where x is the number of oxygen atoms). Unl ike  
[2]. In particular, T12Ca,Ba2Cu,010 was found to have RBa,Cu,O,-, superconductors, there are no Cu-0 
a T, of 120-125K. Recently, a new family of thallium chains in T1-Ca-Ba-Cu-0 supeyconductors. Thus ;  
oxide based superconductors, R-TI-Sr-Ca-Cu-0, Cu-0 planes seems to be the primary requirement for ' 

have been synthesized with T, between 80 and 90 K[3]. superconductivity in  the cuprate superconductors. 
In this series the Pr-TI-Sr-Ca-Cu-0 system is the Further, unlike RBa2Cu,07-, superconductors, lhe 
Iirst oxidc superconducting system containing Pr with oxygen content in TI-Ca-Ba-Cu-0 superconduaiors 
T,. tlbove 77 K. remains very close to the stoichiometric composition. 

The structure of thalliun~ based oxide supercon- This difference in structure as well ab a';;.!~ze. of 
ductors is tetragonal and consists of double, for oxygen deficiency is expected to resuIt in d i k r e n ~  
TL2Ca, Ba2Cu,0B, or triple, for T12CazBa,Cu3010, behaviour of some important physical properties of ' 
CuO, sheets, with Cu in square planar coordination, TI-Cn-Ba-Cu-0 superconductors in cornpal.ison 
stacking alternately with sheets of Ba ions and double with those of RBa2Cu307-, superconductors. 
sheets of T1-0 atoms, and with Ca between Cu-0 Electronic transport properties of RBa2C~i,0, - , , 
sheets [4]. Neutron diffraction results [q indicate a in particular those of YBa2Cu307-,, superconductors 
possible substitulion of Cn on the TI sites and vice have been investigated extensively to understand the 
versa in TI,Ca2BazCu30, (referred to hereafter as the normal state behaviour and to obtain some clue to the 
2 1 2 2 phase), and only Ca subsitution on the TI sites possible interaction responsible for superconductivity 

at such high temperatures. There have been very 
* Present address School of Physics, University of few reports on electronic properties of 

Hyderabad, Hyderabad 500 134, Andhra Pradesh, 1-Ca-Ba-Cu-0 superconductors. Besides the usua l  
India. resistance measurements to determine the resistive 
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