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Specific heat data, extending from 0.4 to 120K, in both zero field and 7T, are
reported for five samples of Bi-Ca-Sr-Cu oxide and one of T1-Ca-Ba-Cu oxide.
The occurrence of bulk superconductivity in all six samples is shown by
Meissner effect measurements, and confirmed for the Tl sample and two Bi
samples by the specific heat data. In zero field, the Tl sample shows a
contribution to the specific heat that is linear in temperature and comparable
to those reported for YBaZCu3O7. In contrast, for all samples of the Bi

compound the linear term is zero within the experimental uncertainty.

Keywords: specific heat, high-Tc superconductivity, Bi-Ca-Sr-Cu-0 system,

Tl-Ca-Ba-Cu-0 system
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One of the most striking properties of the new high-Tc oxide

superconductors is the occurrence in zero magnetic field of-a linear
term3, v¥(0)T, in the specific heat (C). This term is well known from
measurements on the La-Cu oxides (LCO) and especially from measurements on
YBaZCu307 (fﬁCO) which has been studied more extensively. Since a linear term
is generally associated with the normal state, and is expected to disappear in
zero field, i.e., in the fully superconducting state, there has been
considerable interest in the origin of this term. An incomplete transition to
the superconducting statea, the presence5 of two-level systems (TLS) and the
presence of impurity phase56-8, have all been noted as possibilities.

However, the most intriguing interpretation, and one suggested both by the
generality of the occurrence of che linear term and by the relative
consistency9 of v(0) values for different YBCO samples, is that it is an
intrinsic property of the superconducting state and a manifestation of a
different kind of superconductivity such as that predicted for the resonant
valence bond (RVB) modello. The discovery of the new Bi-ll and Tl-
containing12 copper oxide superconductors provides an opportunity to test
further the generality of the zero-field linear term. We report here specific
heat measurements on five samples of Bi-Ca-Sr-Cu oxide (BCSCO) and one of
Tl-Ca-Ba-Cu oxide (TCBCO) all of which are bulk superconductors. For the
TCBCO sample, y(0) » O and has a value of the same order of magnitude as
those9 for YBCO, but for each of the BCSCO samples, two of which contain two
superconducting phases, ¥(0) = 0 within the experimental uncertainty, and is

at least an order of magnitude smaller than typical values for YBCO. Thus, a

non-zero zero-field linear term of the magnitude observed in LCO and YBCO is

not a general property of the high-Tc superconducting oxides.
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Samples BCSCO-1, BCSCO-3 and BCSCO-4 were prepared by solid state reaction
of the oxides or carbonates (99.999 wt.% purity except 99 for SrCO3). Discs
were pressed and fired in air on gold foil, at 850°C for 1 hour for BCSCO-1,
at 800°C for 24 hours followed by 24 hours at 870°C for BCSCO-3, and at 800°C
for 24 hours followed by 50 hours at 870°C for BCSCO-4. The reacted material
was ground, mixed, sieved and re-pressed into ~10g discs. BCSCO-2, BCSCO-5
and TCBCO-1 were prepared by solid state reaction of the oxides (299.9 wt.%
purity). Discs were pressed and fired in air in a Pt vessel, at 850°C for 4
hours for BCSCO-2 and BCSCO-5 and for 0.5 hours for TCBCO-1. The
superconducting transitions were characterized by measurements of the volume
magnetic susceptibilityb(xv) on cooling in a magnetic field (H) of 8 Oe (i.e.,
the Meissner effect). The values of Tc (onset) and ATc (10% to 90% width) and
the maximum values of -wav (the fractional Meissner effect) are given in
Table I.

The results for the Tl sample conform to those for the earlier oxide
superconductors and, together with those for YBCO, they provide a basis for
comparison for the Bi samples. The data for H=0 and 7T and T vaOK are shown
in Fig. 1. For H=0 there is an upturn in C/T at the lowest temperatures,
which indicates the existence of an anomaly at a temperature well below 1K.
For H=7T the anomaly is shifted to the vicinity of 3.5K. These anomalies,
associated with the presence of magnetic impurities, are well within the range
ébserved for YBCO samples. The data for H=0 and 3<T<12K were fitted by the
five-parameter expression

3 -2 3 5

C= A_3T + A-ZT + y(O)T + BBT + BST , (1)

‘and A_2 terms represent the upturn in C/T and the T3 and T5

where the A_3

terms are the first two terms in the low-temperature expansion of the lattice

—
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specific heat (Cl). The least-squares fit gave y(0)=16 mJ/mole K2, and an rms
deviation from the experimental data of 0.6%. Omission of the ¥(0)T term from
the fitting expression increased the rms deviation to 2.0%. When applied to
the data for the five low-impurity YBCO samples that have been studied in this
laboratory, the same fitting procedure gave y(0)=6.8, 6.9, 7.9, 7.0 and 7.0
mJ/mole K2, and rms deviations of 0.4, 0.7, 0.4, 0.9 and 1.0%. The rms
deviations increased to 4.2, 4.7, 4.7, 5.3 and 6.0% with omission of the 4(0)T
term. (The difference in the effects of omission of the y(0)T term on the rms
deviations for the Tl and Bi samples is related to the relative magnitude of

v¥(0) and B, -- see Table I.)

3

The uniqueness of the values of y(0) and B3 derived from these fits, and
those described below for the Bi samples, is attested by the fact that they,
and the rms deviatioﬁs, are not sensitive to reductions in the temperature
interval of the fit, to reasonable changes in the form of the expression used
to fit the upturn in C/T (e.g., the high-temperature tail of a Schottky

3

anomaly in place of A_3T' + A T'z), nor, if higher-order terms in C, are

2 1
included in the fitting expression, to extension of the interval of the fit to
higher temperatures. (The interval of the fit cannot be extended to lower
temperatures without either introducing a substantial complication into the
fitting expression used for the upturn or accepting a substantial reduction in
quality of the fit, as would be expected for an upturn produced by inter-
impurity interactions. Neither the Schottky-anomaly-like tails nor the T5
terms are uniquely determined by the fits.)

The data for the same Tl sample near Tc (see Fig. 2) show a broad

superconducting transition. The breadth of the transition should not affect

conclusions based on the values of the parameters derived from the low-
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temperature data, but it does complicate an estimate of AC(Tc) for the ideal
sharp transition. However, the maximum observed value of AC/T = [C(O)-
C(7T)]1/T, given in Table I, is certainly a lower limit for the ideal value and
is probably smaller by a factor of 2 to 3 (see, e.g., Ref. 9).

The Bi samples show the same evidence of magnetic impurities as the T1
sample and typical YBCO samples, as illustrated in.Fig. 3 by data for BCSCO-1.
For BCSCO-3 and BCSCO-4 the impurity concentrations are similar to, but higher
than, that of the Tl sample, but for BCSCO-1, BCSCO-2 and BCSCO-5 their
concentrations are substantially lower (see Table I). The straight line in
Fig. 3, and that in Fig. 1, represent tﬁe correct values of y(0O)T + B3T3 for
the H=0 data,.those obtained by the analytical fit, which properly takes into
account the other terms in Eq. 1. It is important to note that an attempt to
determine ¥(0) and B3 by visually fitting a straight line to the data cannot
be expected to give the correct values. The value of dvy/dH for the Bi samples
is -~ 0.15 mJ/mole KZT.

For all the Bi samples the zero-field data between 3 and 12K are well
represented by Eq. 1 without the linear term. The rms deviations are 0.9,
1.0, 0.4, 0.4 and 1.1%.. Inclusion of a linear term in the fitting expression
gives small, and variable, values of 4(0) that are at the limit of sensitivity
of the measurement: +y(0)=-1.0, 1.0, 0.4, 1.0 and -1.0 mJ/mole Kz.
Furthermore, the fit is not improved -- the rms deviations are unchanged. 1In
this respect, the data for BCSCO differ conspicuously from those for TCBCO and
YBCO, and preclude the existence of a linear term that is not an order of
magnitude smaller than that commonly observed in YBCO, for both the "Tc-12OK“.
and'"Tc-90K" phases. Another test of this cénclusion is afforded by adding a

linear term, y(0)T, to the experimental data and refitting with Eq. 1. For
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v'(0)=7 mJ/mole K2, approximately that value is recovered when the linear term
is included in the fitting expression; without the linear term in the fitting
expression the rms deviations increase by factors of two to three. For the
temperature interval of the fit by Eq. 1, the zero field data with the T-3 and
'1‘-2 terms subtracted out are shown in Fig. 4 for four of the Bi samples and

for the Tl sample. The solid lines represent B T3 for the Bi samples and

3

¥(0)T + B T3 for the Tl sample.

3
Among the Bi samples, an anomaly at Tc was observed only forABCSCO-3 and
BCSCO-4 (the samples that showed two magnetic transitions). For BCSCO-3, two

relatively sharp tramsitions, which corresponded to the transitions found
magnetically, were observed. They are illustrated as AC/T in Fig. 5, and the
maximum observed value of AC/T is listed in Table I. For BCSCO-4, the two
transitions in C were broader, and coalesced into one. For BCSCO-1, BCSCO-2
and BCSCO-5, the magnetic data notwithstanding, the bulk transitions are
apparently too broad to be observed in the C data.

The lattice specific heats of BCSCO-1 and TCBCO-1 are compared with
those of YBCO and LCO in Fig. 6.

The major conclusion of this Letter, that any linear term in the specific
heat of BCSCO is at least an order of magnitude smaller than those commonly
reported for YBCO, suggests that the linear term may not be a general feature
of the superconducting state of the new oxide superconductors. If this
suggestion is borne out by further experiment, the implications for the nature
of the superconductivity of these materials could be significant because the
linear term, if it is really an intrinsic property of the superconducting

state, is perhaps the most fundamental empirical difference between these

materials and other superconductors. Another possibility is that the linear
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term is an intrinsic property of the superconducting state, but with
substantial variability from one material to another, that might be accounted
for13 within the framework of the RVB model.

If the linear term is not an intrinsic property of the superconducting
state, the difference between the Bi and Tl samples may reinforce a clue to
its origin6-8 in the other materials that has been noted earlier: The fact
that the linear term is present in the Tl sample, which contains Ba, but not
in the Bi samples, which do not, is consistent with the suggestion that the
linear term is associated with a Ba-Cu oxide impurity. 1In the same
connection, it is interesting that samples of both Sr- and Ca-doped LCO also
have smaller linear terms than similar Ba-doped samples, but the occurrence of
the linear term in LCO has not been as thoroughly studied as in YBCO.

Finally, we note that the absence of a linear term in a BCSCO sample has
also been reported by Kumagai and Nakamura14

We are grateful to Mary Ann Mitchell for assistance in the preparation of
BCSCO-2, BCSCO-5 and TCBCO-1, and to J. Tsuchiya for advice on the synthesis
of the other samples. The work at LBL was supported by the Director, Office
of Energy Research, Office of Basic Energy Sciences, Materials Sciences
Division of the U.S. Department of Energy under Contract DE-AC03-76SF00098.
The work at Sandia was supported by the U.S. Department of Energy under

Contract DE-AC04-76DP00789.
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TABLE I. Properties of the samples. Units are mJ, mole, K and T. Tc and ATc
are from Meissner effect measurements. Samples BCSCO-3 and BCSCO-4 show two
transitions, for which Tc, ATc and -4xxv are listed separately. n, is the

number of moles of magnetic impurity per mole of sample determined from the -

entropy of the Schottky-like specific heat anomaly in 7T (spin 1/2 assumed).

Starting
Sample Composition . Tc ATc -4rxv [AC/T]max 53 v(0) n,
TCBCO-1 TlCaBaCu205 5 114 ~20 0.30 5 1.06 16 0.052
a
BCSCO-1 512.15C31.17sr1.68cu208 80 ~20 0.12 -- 2.46 0 0.017
BCSCO-2 BiZCaSrzcuzo8 84 <30 0.21 -.2 1.72 0 0.012
. 110 -10 0.04
BCSCO-3 812Ca28r2Cu4011 95 -30 0.34 16 2.63 0 0.058
. 110 ~20 0.09 a
BCSCO-4 312Ca68r20u8019 80 ~35 0.13 -- 2.85 0 0.064
a
BCSCO-S-BIZCaSrZCuZO8 84 -- 1.74 0 0.013

a s .
Transition was too broad or too small to permit an estimate.
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FIGURE CAPTIONS

Fig. 1.
Fig. 2
Fig. 3.
Fig. 4.
Fig. 5.
Fig. 6

C/T vs T2 for TCBCO-1 for T<10K and H=0 and 7T. The straight line
represents the T and T3 terms of the least-squares fit to the zero

field data.

. C/T vs T for TCBCO-1 in the region of Tc for H=0 and 7T.

C/T vs T2 for BCSCO-1, for T<8K, in both zero field and 7T. The
straight line represents the T and T3 term of the least-squares fit to

the zero field data.

3

[C(H—O)-A_3T‘ -A_ T-2]/T vs T2 for the four Bi samples and the T1

2

sample.

[C(H=0)-C(7T)]}/T vs T for BCSCO-3 in the region of Tc.

. Comparison of the lattice specific heat for LCO, YBCO, TCBCO and

BCSCO.
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