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Starting lrom the nominal compositions Tl,Ba,Ca,_, Y, Cuy0 444
alter heat treatments in Ar atmosphere in gold sealed tubes, both
superconducting phases “2223" and 2212 and the paramagnetic
phase HaCu(); were present for zero amnd low Y cancentration
(0 = x = 0.3). T'he decrease of the critical temperature from 126
to 118 K for the 2223 phase and from 114 to 100 K for the 2212
phase was considered as evidence lor Y substitution on Ca sites
for low x values and corresponding reduction of the hole concentra-
tion per Cu atom. Higher Y concentrations (x = 0.3) destabilize
the supercondncting phases. © 1994 Academic Press, Inc.

1. INTRODUCTION

The origin and concentration of the charge carriers in
the high T. superconductors Bi,Sr,Ca,,_,Cu,,0,,,, and
Ti,Ba,Ca,,_,Cu,, 0,4 is still a controversial item. The
hole-type conductivity in the normal state of these com-
pounds and the superconductivity below a critical temper-
ature 7, can be understood in terms of systematic devia-
tions from the ideal stoichiometry, as a small excess of
oxygen, for instance. In such a casc the Tl-containing
compounds with m = 2 (2212) and 3 (2223) have to be
written as TlLBa,CaCu,0q4,, and TI,Ba,Ca,Cuy04.s.
where 8 and 8’ represent the extra oxygen arising during
the preparation procedure. It is usual to take for the hole
concentration per Cu atom the values & and (2/3)8" for
2212 and 2223, respectively. The oxypen nonstoichiome-
try and therefore the hole density per Cu atom in the
CuQ, layers, respectively the average Cu valence, has a
decisive influcnce on the transition temperature. Values
for an optimal hole concentration at which T, reaches a
maximum were given in (3, 6-8, 22-26).

There are at least two ways to influence the hole concen-
tration in order to study the correlation with the critical
temperature T,. The first one consists in changing the
oxygen stoichiometry as was the case with Bi-2212, for
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instance, in (1). The second way is to perform suitable
substitutions with ions with stable valencies 3+ or 2+ for
Ca** or Bi**/TI**, respectively. In the case of Bi-2212 the
Ca ions can be completely substituted by lanthanide ions,
as was shown in many studies (1-8). An interesting point
is that in this casc starting from the compositiens Bi,Sr,
Ca,_,Ln,Cu,04,; for substitutions in the range 0 =< x =<
0.3 practically no change in T, besides sometimes a slight
increase for very low x values occurred (2, 3, 5-8). For
higher x values 7, started to decrease dramatically and
the superconductivity was suppressed for 0.5 = x = (.75,
An advantage for studying substitutions in Bi-2212 is the
relatively high stability of this compound which permitted
us to prepare single phases with the stoichiometric propor-
tions of all the components others than oxygen and there-
fore to allow a reliable estimation of the oxygen off-stoi-
chiometry & and consequently the determination of the
number of holes usually normalized per Cu atom. Such
determinations imply obviously the stability of the va-
lence state of all the ions other than Cu, a condition which
in the case of Bi remains slightly questionable. The main
result of these studies is the finding that a kind of quasiuni-
versal correlation between T, and #, can be considered
as established in (6, 7). Relatively few similar studies
were performed in the case of the Ti-containing high T,
superconductors (23-26). The main reason is the difficulty
in preparing stoichiometric compounds of this type.

in the present paper we deal with the preparation and
superconducting properties of the Y-substituted TI-2223
compounds with nominal compositions TLBa,Ca,_. Y,
Cu;0yy,5- Expectations on ap analogy with earlier results
on Y substitutions in Bi-2223 could not be drawn because
up to now, to our knowledge, in variance with the case
of Bi-2212, no attempt to prepare Bi,Sr,Ca,_ Y, CuyOio45
compounds was successful.

2. PREPARATION

The samples have been prepared in a closed system
. (9). The stoichiometric starting compositions Tl,Ba,Ca,_,
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Y.Cu;0,5.5 used for the preparation were obtained by
mixing equimolar Tl,0,, Ca0, Y,0;, and BaCuO, oxides
in the corresponding proportions. In order to obtain
BaCuQ, equimolar mixtures BaQ and CuQ were grinded
in an agate mortar and sintered at 1200 K in air for 24 h.
All the starting oxides were then thoroughly powdered
and ground in the agate mortar. The reaction took place
in sealed gold tubes, which were placed into the outer,
argon-filled, Si0, sealed tubes. The powders were heated
in an Ar atmosphere in several steps: for 24 h at 713 K,
for 12 h at 1123 K, and for 15 min at 1193 K,

In the first heating step, T1,0; decomposes into THO;
according to the reaction (11, §2)

3K
TLO; (9) = ThOs_4(5) + (8/2)0; (®).

The decomposition of T),O, prevents the formation of
Cu,0 because the oxygen partial pressure stabilizes CuQ.
The argon (inert gas) atmosphere is necessary in order to
inhibit the formation of BaCuQ, and Ca,CuO,.

In the second step, mainly T1,Ba,CuQ, and T1,Ba,Ca
Cu,0, s were built up. These phases act as precursors
in the next step, for the preparation of the ‘“2223" and
22(2 — x)x3” phases which were built up at 1193 K.
Finally, the powders were cooled to room temperature
with a cooling rate of 1.6 K/min. At this important step
a reaction between the 2223 phase and gascous T1,0,
compounds takes place and the {oss of thallium and oxy-
gen can be reduced to a minimum. The samples have been
characterized by the Guinier diffraction method (Cuy,,
radiation). From the possible Tl-containing superconduc-
tive phases besides the 2223 and 2212 phases, small
amounts of the 1223 phase could be identified. The sam-
ples with lower x values contained mainly the types 2223,
2212, and small amounts of 1223. The X-ray characteriza-
tion showed that besides the lines of the superconductive
phases, lines of the paramagnetic phase BaCuO, were
also present. For higher x values-(x = 0.3) the number of
lines of unidentified phases increased whereas the contri-
bution of the superconductive phases considerably de-
creased. The trends observed qualitatively in the X-ray
characterization were, as is shown later, confirmed by
the analysis of the magnetic measurements. In connection
with the results of the X-ray analysis it 1s worth men-
tioning that in the X-ray diagram of the sample with the
nominal composition Tl,Ba,Ca;Cuy0,,; (x = 0) in the
range 4.87° < 26 < 62.11° only lines of the 2223 phase
were present. Nevertheless we found from the analysis
of the magnetic measurements evidence for the supercon-
ductive 2212 phase and the paramagnetic BaCu0O,.

Because of their similar ionic character and ionic radii
(93 pm for Y** and 99 pm for Ca’") one can expect that
a substitution of Y for Ca is possible. It is important to
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FIG. |.
magnetic susceptibility in low magnetic fields (B = 1 mT) for the ceramic
ThBayCa; Y Cuy0yyi5 (0 = & = 0.6} compounds.

The zero-field-cooled (zfc) temperature dependence of the

note that the TI** ionic radius (95 pm) is also similar to
that of Y>* and therefore there are, at least, two ionic
sites, of Ca®* and TI**, where Y can be inserted. Using
the Biltz volume increment method (13), a theoretical
dependence for the two lattice parameters ¢ and & versus
x can be obtained. In the case of the substitution of a
smaller Y’* on a Ca?* site one should expect a slight
decrease in the ¢ parameter (~10 pm) and an increase in
the @ parameter with increasing x in the range 0 < x =
0.6 reflecting a reduction in the equilibrium oxidation state
of the CuQ, sheets (decrease of the hole density). Because
the volume increments of Y** and TP+ are equal the lattice
parameter should not change in the case Y occupies Tl
sites. Unfortunately the variations in the ¢ and « lattice
parameter are, in fact, very small, << ~ 10 pm, below
the sensitivity of the Guinier diffractometer used, and
therefore our X-ray characterization did not allow us to
distinguish between the two possibilities.

3. MAGNETIC MEASUREMENTS

The onset of superconductivity was detected by mea-
surements of the magnetic moment. The magnetic mea-
surements were performed with a sensitive home-made
vibrating sampie magnetometer (VSM) with a resolution
of AM ~ 5 %X 10°% Am® (= 5 x 107% emu) in fields up to
1.5 T and at temperatures between 4 and 300 K using
heating rates of about 3 K/min. All the samples had the
same cylindrical shape with a thickness of 2 mm and a 4-
mm diameter. The temperature dependence of the mag-
netic susceptibility for the samples designated by their
nominal Y** content x measured at 1 mT low field in both
zfc and fc regimes is shown in Figs. 1 and 2. A closer
inspection of Fig. 2 shows that as expected from the re-
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FIG. 2. The field-cooled (fc) temperature dependence of the mag-
netic susceptibility in low magnetic fields (B = 1 mT) for the ceramic
TLBa,Ca,_, Y. Cu;0 945 (0 = x = 0.6) compounds.

sults of the X-ray analysis there is evidence for two super-
conducting transitions characterized by two different crit-
ical temperatures, a higher one T, (onset temperature)
and a second lower one T_,, which can be taken as corre-
sponding to the 2223 and 2212 phases, respectively.

The first critical temperature T, of the 2223 phase can
be better estimated than T, using the kink point method.
For 0 = x = 0.2, 7. decreases from 126 to 118 K, as it is
shown in Fig. 3. However it is worth to notice that in
Fig. 3 the magnitude of the error bars for x < 0.3 are in
the order of the symbol dimension (i.e., 0.2-1 K}. For
x > 0.3 the transitions become very smooth and the ¢sti-
mation of T, is more difficult. A critical temperature of
125 K is typical for the 2223 phase (10). With suitable
annealing procedures even higher values up to 130 K (19,
27, 29) can be reached. Annealings in Ar atmosphere as
we already performed have a positive influence on T, as
shown recently by Kancko er al. (30). Therefore, a T_ of
126 = 1 K can be undoubtedly ascribed to the 2223 phase.
At this point we would like to stress that the 126 K we
obtained for the 2223 phase and the 114 K for the 2212
phase in the sample without yttrium have been obtained
as onset temperatures by using our dc susceptibility
data only.

The second (lower) critical temperature T, of the 2212
phase also given in Fig. 3 is even more difficult to deter-
mine because of the presence of the 2223 phase and the
error bars reach much higher values than in the case of
the determination of T,; (~5 K}. As in the case of T4,
the critical temperature of the 2212 phase decreases
slowly from about 114 to 100 K in the range 0 = x =< 0.2.
At this point we can mention the results of Martin er af.
(20, who find that Y or Nd substitutions for Ca in TI-
2212 up tox = 0.2 give rise to changes in T, of about 10 K.
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As previously mentioned we could see in the X-ray
diagram of the sample with x = 0 practically only lines
belonging to the 2223 phase. This result is at variance with
the conclusion based on the analysis of the susceptibility
measurement where a second superconducting transition
occurred around 114 K. This discrepancy could be re-
moved assuming that 114 K represents the critical temper-
ature of a 2223 phase under another oxygen content, as
the one with 7, = 126 K.

But for the other compositions with 0 < x < 0.3, the
X-ray diagrams offered clear evidence for the presence
of the 2212 structure as a second phase. For this reason
for the sake of continuity we would favor the interpreta-
tion that the phase with T, = 114 K in the sample with
x = (0 is probably a 2212 phase. Another argument can
be found in the results presented by Martin et al. (20),
who showed that annealings in Ar or Ar/H, can give rise
to an increase of the critical temperature of the 2212 phase
from 97 to 118 K.

Measurements in a higher field of 1.5 T, above T, and
far from the fluctuation regime (T > T,) show, as can be
seen from Fig. 4., a Curie-Weiss behavior originating
most probably from the paramagnetic BaCuQ, phase. For
the estimation of the Curie constants we fitted the suscep-
tibility above 150 K to

. C
x(D—T_®P+xo

assuming that only the core diamagnetism y.,. and the
temperature-independent Pauli susceptibility term xp con-
tribute to x,. The molar Curie constants were determined
from nonlinear least-squares fits. The obtained values
shown in Fig. 5 seem to be rather large, but in fact if we
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FIG. 3. Dependence of the critical temperature on the Y content x

(W, for the 2212 phase; @, for the 2223 phase).
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FIG. 4. Temperature dependence of the molar susceptibility at 1.5

T for different substitutions (for x = 0.3, two series of samples labeled
a and b were prepared). The inset shows the magnetic susceptibility of
the reference sample (x = 0) for 100 K = 7= 300 K at 1.5 T. The solid
curve represents a nonlinear least-squares fit to a Curie—Weiss behavior,
The temperature-independent part of the susceptibility was subtracted
before fitting.

assume the contribution to the paramagnetic phase as
arising from BaCuQ, only, they correspond to an amount
of ~20 mass% BaCuQ, for 0 = x = 0.2 and of ~27 mass%
for x > 0.2, Qur assumption is supparted by the X-ray
analysis, where several diffraction peaks could be identi-
fied with major BaCuQ, lines. A detailed discussion about
the magnetic identification of the impurity phase is made
in the Appendix of Ref. (14).

In order to calculate the separate contributions of the
2223 and 2212 phases to the Meissner fraction, we took
into account the demagnetization effect and therefore the
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FIG. 5. The molar Curie constants for T < T, as function of the Y

content x in the samples,
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FIG. 6. The content of the Meissner fraction, 2223 phase, and 2212
phase versus the Y content x.

data have been corrected with an estimated demagnetiza-
tion factor N = 1/3 (8.1.) following the same arguments
and procedure as in (14-17). Because of the high degree
of porosity shown by these cuprates, the X-ray density
calculated for the two phases was used in the definition of
the magnetization per unit volume. The Meissner fraction
found in the measurements at 1 mT amounts to about
20-30% of the total volume, as is usual the case with the
Tl-containing HTSC. There are at least two reasons for
such a behavior. First, the rather large amount of the
Curie-Weiss paramagnetic phase (between 18 and 35
vol%) which is practically always present. Second, owing
to the polycrystalline and highly porous structure strong
field penetration can occur in very low fields, leading to
the decrease of the Meissner fraction for the 1 mT used
in the field-cooled regime.

The relative amounts of the 2223, 2212, and BaCuQ,
phases as determined from the analysis of the susceptibil-
ity curves below and above T, are shown in Fig. 6. For
higher substitution rates 0.3 < x =< 0.6 the superconduct-
ing properties are seriously altered and drastic changes
occur in the structure. As can be seen from Figs. 2 and
6, the Meissner fraction decreases drastically for x > 0.2
from a mean value of ~23% for 0 = x = 0.2 to about 7%
for x > (.3, and even less than 1% for x = 0.3, For x =
0.3 we have prepared two series of samples labeled a and
b and both of them showed the same peculiar behavior.
As one can see¢ from Fig. 4, only very small amounts of
a superconducting phase are present which when corrobo-
rated with the low 7T, values was identified with the TI-
2212 phase. In fact for 0.3 = x = 0.6 we can conclude
that the superconducting phase becomes unstable and
therefore will not be formed except aleatory in some small
amounts, due to the difficulty in controlling the prepara-
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tion conditions of these compounds. These results are in
agreement with the already reported behavior of T1-2212,
Bi-2212, and Bi-2223 compounds, in which lanthanide ele-
ments partially substitute Ca sites, the difference con-
sisting only in the value of the *‘critical”” Y content at
which the superconductive phase becomes unstable. The
high rates of substitution favor, due to the high volatility
and the enhanced mobility (changes of the melting temper-
ature) of thallium, the creation of various Tl compounds
such as TL,O, and T1Ba,Cu,0;s 5., and an increase in the
amount of BaCuO, destabilizing the superconducting
phases and practically hindering their formation.

4, DISCUSSION

The mechanism responsible for the high T_ supercon-
ductivity in the copper oxides appears to be restricted
only to a narrow mixed-valent compositional range within
the CuQ, sheets (in which all the Cu atoms have an identi-
cal oxygen coordination and geometry). One of the neces-
sary conditions to supress long-range antiferromagnetic
order and induce superconductivity is the oxidation of
the CuQ, conducting sheets above the formal 2+ Cu va-
lence, i.e., an increase in the copper valence or increase
in the hole density (18-22, 26). For the presence of holes
in the T},Ba,Ca,,_,Cu,0,, ., several possible mechanisms
have been proposed:

{1) excess oxygen in the T1-0O layers;

(2) presence of Tl vacancies and substitution of Tl

with Ca,;

(3) charge transfer TIT3 -2 & Cu*2t2’,

It is obvious that, as already mentioned in the Introduc-
tion for the case that no other mechanisms will interfere,
a substitution of Y** for Ca®* has to give rise to areduction
of the hole concentration and therefore influence the criti-
cal temperature T,.. Such substitutions were undertaken
in the case of T1,Ba,CaCu,0Oq (24, 25). Poddar er al. (24)
reported superconductivity in Tl,Ba,Ca,_,Y,Cu,Oy4 for
x = (.4 and semiconducting behavior for x = 0.48. The
critical temperature reached 85 K for x = 0 and 0.1 and
then decreased quasilinearly to 30 K for x = 0.48. Ac-
cording to Martin ef al. (20), T, was about 103 K for x =
0, around 110 K for x = 0.1 and 0.2 and decreased to
about 92 K for x = (0.4. In a similar study of Paranthaman
et al. (25, 26) the T, of the sample without ¥ (x = 0)
reached 94 K and decreased to 72 K for x = 0.2. For
x > 0.3 the superconductivity collapsed and the samples
became semiconducting. The drastic change in the electri-
cal properties for x values around 0.3 was accompanied
by an important expansion of the lattice 4 parameter.

The main resuli of our study is that under our prepara-
tion conditions which lead to a T, value of 126 K for the
T1-2223 compound, the attempt to substitute Y for Ca
according to the starting composition T,Ba,Ca,_,Y,
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Cu,04,, 5 leads to a destabilization of the 2223 phase and
to the formation of a high amount of the 2212 phase.
For this reason it is not possible to try to find the hole
concentration from the results of a chemical determina-
tion of the thallium and oxygen content as proposed by
Paranthaman et a/. in their study of the Tl,_,_,Ba,Ca,_,
Cu,0,, ;s system (22). But, despite the presence of both
superconducting phases 2223 and 2212 we have seen that,
based on the susceptibility measurements, we could find
the dependence of T, on x in the range 0 < x = 0.2 for
both phases (Fig. 3). For a change Ax = 0.2 in the Y
concentration (starting with x = 0) the critical temperature
of the 2212 phase decreases by 14 K, whereas for the
2223 phase the reduction reaches only 8 K. We believe
that this result arises from the substitution of Y for Ca?*
in both superconducting phases. Our finding for the 2212
phase is in general agreement with the results of Martin
et al. (20) and Paranthaman et al. (22} already mentioned
before. However, we have to mention that under our
conditions of preparation we reached for T1-2212 in the
reference composition a T, value of 114 K, which is sub-
stantially higher than the 103 and 94 K reported in (24)
and (25, 26), respectively. Therefore we are allowed to
suppose that in our 2212 phase for x = 0 we are at {(or close
to) the optimal hole concentration, and the substitution of
Y for Ca can only contribute to a reduction of both the
number of holes and critical temperature. The same argu-
ment holds for the T1-2223 phase with the difference that
because of the critical temperature of 126 K for x = 0 we
have to expect a slower decrease of T, with x, in good
agreement with our experimental data (Fig. 3).

One is tempted to compare the influence of Y substitu-
tions on the superconducting properties of TI-2223 with
similar substitutions in Bi-2223 HTSC. Unfortunately, as
already mentioned in the Introduction, the attempts to
perform such kind of substitutions destabilize the Bi-2223
phase and only the superconductive 2212 phase occurs.
Our results argue in favor of a higher stability of the TI-
2223 phase against substitutions, at least in the case of
the incorporation of Y at the Ca sites up tox = 0.2. Above
x = 0.3 the only superconductive phase practically present
is 2212 in small amounts with T, values varying nonsys-
tematically in the range 90-104 K. We consider the pres-
ence of the 2212 phase as atypical and we believe that,
as in the study of Paranthaman et al. (25, 26), the super-
conductive state is destabilized around x = 0.3, with the
difference that in our case this happens also with the
2223 phase.

Besides the proposed explanation for the decrease of
T, based on the reduction of the concentration of holes
owing to the substitution of Y and Ca, one can envisage
as an alternative mechanism a systematic change in the
oxygen concentration with increasing Y content in the
starting compositions. Such a possibility cannot be ne-



STUDY OF ThLBa,Ca;Cu;0. 4

glected, but it would mean that Y does not substitute at
all in the Tl-based 2223 and 2212 phases. But such a
conclusion is in disagreement with the already mentioned
papers of Martin ef al. (20) and Paranthaman et al. (22)
about the Y substitutions in the Bi- and Tl-based 2212
phase.

5. CONCLUSIONS

Starting from the nominal compositions T1,Ba,Ca,_ Y,
Cu,0yy, 5 under our specific preparation conditions, con-
sisting mainly in the 12-h heat treatment at 1123 K fol-
lowed by a short duration treatment of 15 min at 1193 K
in Ar atmosphere, we obtained for 0 < x < 0.3 samples
containing both superconducting 2212 and 2223 phases
with critical temperatures slightly decreasing with in-
creasing Y content. Besides the superconducting phases,
a Curie-Weiss paramagnetic phase, probably BaCuQ,,
was always present.

The critical temperature of the 2223 phase decreased
from 126 K for x = 0 to 118 K for x = 0.2, whereas for
the 2212 phase the decrease is stronger, from {i4 K for
x = 0to 100 K for x = 0.2. We believe that the change
in T, occurred from the partial substitution of Y for Ca
in both 2212 and 2223 phases.

For x > 0.3, only small amounts of a superconductive
phase, mostly 2212, and large amounts of the Curie—Weiss
paramagnetic phase are present. It seems that the pres-
ence of higher amounts of Y,0; in the nominal composi-
tion destabilizes the superconducting phases.
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