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The problems of making phase-pure Bi,Sr,R Cu,0ys 5 systems, with R=Y, Pr, and Tb, are discussed
in detail, particularly in the case of Pr and Tb. Complete substitution of these three rare earths at the Ca
site is realized in this system. The c lattice parameter of the rare-earth-containing material decreases in
comparison with that of the pure undoped Bi,Sr,CaCu,04 5. On-site ionic size differences and increased
oxygen content due to aliovalent substitution are the possible causes of the decreased c lattice parameter.
Magnetic-susceptibility () measurements on these samples give an effective paramagnetic moment close

to that of 3+ for Tb but intermediate between those of 3+ and 4+ for Pr. A change in slope in the y~

1

vs T curve for the Y compound at ~295 K and a dip in the same for the Pr compound at ~330 K may
be indicative of the antiferromagnetic ordering of the Cu moments in these compounds.

I. INTRODUCTION

From the phase diagram of all the high-T, cuprate su-
perconductors, it is seen that they behave like Mott-
Hubbard insulators in their ground state with antiferro-
magnetic ordering’? of the Cu moments. The insulating
ground state of RBa,Cu;O,_, (R:123) and of
La,_,Sr,CuO, (La:214) systems is well established®? for
decreased oxygen content (y ~1) and low Sr (x =0) con-
tent, respectively, with antiferromagnetic ordering tem-
perature in the range of 350-550 K. On the other hand,
antiferromagnetic ground states of Bi- and Tl-based
high-T, cuprates are still to be fully explored. One of the
ways to explore their ground states is by the substitution
of rare earths for Ca in these compounds.*> In the case
of Bi,Sr,CaCu,0y4. 5 (Bi:2212) systems, many rare earths
show complete substitution at the Ca site.®*’ Complete
substitution of Ca by Y in Bi:2212 systems results in an
insulating antiferromagnetic state having an ordering
temperature in the range of 300-350 K.%° However, in
this regard there are very few reports on the substitution
of Ca by Ce (Ref. 10), Pr (Refs. 11-13) and Tb (Ref. 6).

The behavior of Ce, Pr, and Tb also seems to be unusu-
al in R :123 superconducting oxide system. For instance,
most of the R:123 compounds show high-7,. supercon-
ductivity in the 90 K range, but Ce, Pr, and Tb com-
pounds of this series are still exceptions.!*!> The Pr:123
compound is not superconducting and shows an unusual-
ly large value of the electronic specific-heat coefficient
and a high ordering temperature of Pr moments (for a re-
view, see, for instance, Ref. 16). There is only one report
which describes the synthesis of superconducting Pr:123
thin films with partial substitution of Pr by Ca.!” The
mystery of the absence of superconductivity in pure
Pr:123 is still a challenging problem with different experi-
ments providing different and contradictory results about
the nature of Pr ions in this system.!®!° In the case of Ce
and Tb, the situation is even more interesting as they do
not substitute isostructurally in R :123 systems.?® Keep-
ing in view the challenges of Pr and Tb in R :123 systems,
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we have focused our attention on their substitution in
Bi:2212 high-T, systems. In this paper we present the re-
sults of synthesis, x-ray-diffraction data, and magnetic-
susceptibility measurements on Bi,Sr,RCu,0Og 5 systems,
with R =Y, Pr, and Tb. Complete substitution of Y, Pr,
and Tb for Ca is observed in this system. Magnetic-
susceptibility measurements yield an effective moment
close to that of 3+ ions for Tb, but intermediate between
those of 3+ and 4+ for Pr. Moreover, there are high-
temperature anomalies in the susceptibility which may be
due to antiferromagnetic ordering of the Cu moments.

II. EXPERIMENTAL DETAILS

The samples of Bi,Sr,RCu,04.5 (R =Y, Pr, and Tb)
were prepared by solid-state reaction of appropriate
quantities of metal oxides and carbonates of purity better
than 99.99%. For the calcination process all the samples
were heated at least 10 times between a temperature of
820 and 930°C, each time for 15 h and furnace cooled to
room temperature over a span of 6 h, with intermediate
grinding at every step. In the final sintering, Y, Pr, and
Tb samples were heated at temperatures of 935, 950, and
945 °C, respectively, for 15 h and then quenched to room
temperature. It is worth mentioning here that these tem-
peratures are very crucial to avoid the formation of
Bi,Sr,CuO¢ (Bi:2201) in the matrix which is supercon-
ducting at low temperatures.

The samples were characterized for their phase purity
by x-ray diffractometry (XRD) using a JEOL
diffractometer equipped with CuK, radiation. Lattice
parameters were obtained from a fit of the observed d
values of the XRD patterns. Magnetic susceptibility of
all the three samples was measured using a supercon-
ducting quantum interference device (SQUID) magne-
tometer in the temperature range of 2—-400 K in an ap-
plied field of 5000 Oe. Susceptibility measurements were
also made in a low field of 50 Oe to detect any supercon-
ducting Bi:2201 phase in the matrix.
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III. RESULTS AND DISCUSSION

X-ray-diffraction patterns of the Bi,Sr,RCu,05,5
(R =Y, Pr, and Tb) samples are shown in Fig. 1. All the
samples show single-phase Bi:2212 structure. While the
complete solubility of Y at Ca sites in Bi:2212 had been
established earlier,®’ the situation regarding Pr and Tb
was not clear prior to the present study. The c lattice pa-
rameter of each sample is given in the respective XRD
patterns. The c lattice parameter of all the rare-earth-
containing samples decreases in comparison to that of the
superconducting Bi,Sr,CaCu,05.5 system (c =30.8
A).%1! Earlier reports on the variation of ¢ lattice pa-
rameters for the Pr sample have not been consistent. In
Ref. 12, where the samples were prepared using a two-
stage coprecipitation method with a final heat treatment
at 850°C for several hours, it was reported that on com-
plete substitution of Ca by Pr in Bi:2212, the c lattice pa-
rameter of the system remained nearly unchanged. How-
ever, another report,'> where the samples were prepared
by solid-state reaction with a final heat treatment at
860 °C for 24 h, indicated that the c lattice parameter of
the system decreased with Pr substitution, as in our re-
sults (though the decrease observed in Ref. 13 was small-
er than that observed in the present investigation). We
find that the discrepancies observed in the variation of
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the ¢ parameter on substituting Pr for Ca in Bi:2212 are
due to different heat-treatment schedules. We observed
that when the samples are heat treated below 900°C, a
small superconducting Bi:2201 phase appears with T,
below 10 K. The amount of the Bi:2201 phase is lower
than the detection level of XRD, but this phase could be
seen in 50 Oe magnetization measurements using a
SQUID magnetometer. In fact, single-phase materials of
these systems form only near their respective melting
temperatures, i.e., near 930-950°C, which is also a func-
tion of the rare-earth concentration. The c lattice param-
eter of the Y-substituted sample, observed in the present
investigation, is found to be consistent with that reported
earlier.® In the case of Tb, too, the c lattice parameter is
found to decrease relative to that of pure Bi:2212. Substi-
tution of divalent Ca by a rare earth in Bi:2212 gives rise
to excess oxygen in the system, which may be partially re-
sponsible for a decreased lattice parameter ¢ along with
the on-site ionic size differences.?! It is thus interesting
to note that though in R :123 the solubility of Tb is very
limited, in Bi:2212 an isostructurally complete substitu-
tion is observed.

Figure 2 shows the temperature dependence of the sus-
ceptibility of Bi,Sr,RCu,04,5 (R =Y, Pr, and Tb) sam-
ples. These samples are not superconducting down to 2
K. It is seen that the susceptibility of Bi,Sr,YCu,0q 5 is
fairly large in the temperature range investigated. In
fact, this compound shows antiferromagnetic ordering of
the Cu moments at a temperature of about 320 K,%7 pos-
sibly due to the decreased holes on Cu in this case. In the
case of fully substituted Pr or Tb compounds also, the
holes on Cu are expected to decrease, due to on-site
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FIG. 2. Magnetic susceptibility vs temperature for

Bi,Sr,RCu,03.5 (R =Y, Pr, and Tb) compounds.
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aliovalent substitutions, and therefore Cu moments may
also order magnetically in these compounds also. In the
present susceptibility (x) measurements on
Bi,Sr,RCu,04,5 we see a change in slope in the y ™!
versus temperature plot (Fig. 3) at about 295 K for R =Y
and a dip in y ! at about 330 K for R =Pr. In the case
of Bi,Sr,TbCu,05, 5, a very feeble change of slope in sus-
ceptibility is discernible at about 380 K. All these
features may be due to the antiferromagnetic ordering of
the Cu moments.

In order to arrive at the correct susceptibility of the
rare-earth ion in these compounds, it may be necessary to
correct for the matrix susceptibility. As a first approxi-
mation, it is assumed that the matrix susceptibility in
Bi,Sr,RCu,04, 5 (R =Pr and Tb) compounds is essential-
ly the same as that in their Y analog, Y being nonmagnet-
ic. Therefore we have subtracted the susceptibility of
Bi,Sr,YCu,04 5 from that of the corresponding Pr and
Tb compounds. The measured and corrected susceptibili-
ties are shown as a plot of y ~! versus temperature in Fig.
3. The susceptibility can be well fitted to the Curie-Weiss
behavior, given by

X=Xo+C/AT—6,), (1)

where C is the Curie constant, 6, is the paramagnetic Cu-
rie temperature, and X, is the temperature-independent
susceptibility. From the fit to the corrected susceptibility
data, the parameters obtained for the Pr sample are: u. g,
the effective paramagnetic moment, equal to 2.60ug
01, =—24.2 K, and },=1.1X 10™* emu/mol; and those
for the Tb sample are p.;=8.44ug, 6,=—9.91 K, and
X0=3.96X10"* emu/mol. It is worth mentioning here
that in both the earlier reports'>!® on Pr systems, the
above correction to the susceptibility has not been made
and this may alter the final conclusion about the
paramagnetic state of Pr ions in the system. For in-
stance, the present uncorrected susceptibility data yield
Meg=3.20pup and 6,=—23 K for the Pr compound in
agreement with previous results'>'® and p.;=8.47u; and
6,=—10 K for the Tb compound. It is noted that the
correction is not significant for the Tb compound, but is
sizable for the Pr compound.

The effective paramagnetic moment value of Tb in
Bi,Sr,TbCu,04 , 5 is very near to the value of free Tb3"
ions. However, the effective moment in
Bi,Sr,PrCu,04 . 5, without correction, is intermediate be-
tween the values of Pr** (3.58uy) and Pr*t (2.54up),
but close to that of Pr**, with corrections, suggesting a
possible mixed valent or near-tetravalent state for Pr in
this compound. This appears to be consistent with the
fast decrease in the c lattice parameter of the material
with increasing Pr substitution.!! In eightfold coordina-
tion, while the size of P37 is comparable to that of Ca?™,
the size of Pr*t in the same coordination number is
smaller than that of Ca?*, which is a possible reason for
the faster decrease of the c lattice parameter of the sys-
tem.!! However, at the same time, the electronic
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FIG. 3. Inverse susceptibility vs temperature for

Bi,Sr,RCu,03.5 (R =Y, Pr, and Tb) compounds. The correct-
ed curves refer to those obtained after subtracting the suscepti-
bility of the Y analog from the as-measured values.

specific-heat coefficient ¥ is not very high in
Bi,Sr,PrCu,05 , 5, '> which would suggest a nearly stable
Pr valence in this compound. It should be mentioned
that an intermediate Pr moment is also seen in Pr:123
compounds and has been attributed to the effect of crys-
talline electric fields on Pr3" ion.?2 The electronic
specific-heat coefficient, y, is also large in Pr:123, yet
spectroscopic measurements give no evidence of mixed
value Pr in this compound.?® Clearly, therefore further
work is necessary to ascertain the valence state of Pr in
Bi,Sr,PrCu,05 s compounds also. In our measurements
on Bi,Sr,PrCu,05,5, we do not observe any antiferro-
magnetic ordering of the Pr moments down to 5 K.
However, it is distinctly seen in Pr:123 systems near 17
K.16718 As far as Tb in Bi,Sr,TbCu,0y , 5 is concerned,
its valence state is very near to 3+; hence, it does not
seem to be different from other magnetic rare earths.

In summary, the problems of synthesis of phase-pure
Pr- and Tb-substituted Bi:2212 systems are discussed in
detail. Complete substitution of Pr and Tb is observed by
solid-state reaction in Bi:2212 systems. From high-field
magnetic measurements, the magnetic state of Tb is
confirmed to be 3+, while Pr appears to be intermediate
between 3+ and 4+ magnetic states. Furthermore,
there are features in the susceptibilities of these com-
pounds which may be due to magnetic ordering of the Cu
moments.
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