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I. Introduction 

The discovery of superconductivity in the 11-Ba-Ca-Cu-0 (TBCCO) system1 

generated intense interest and led to numerous structural studies and measurements of 
physical properties on these compounds. Interpretations of the measurements are in most 
cases complicated by the evident occurrence, or at least the possibility of the occurrence, 
of more than one phase in the samples. Furthermore, even ignoring that complication, the 
specific-heat measurements have been neither detailed nor extensive enough to establish the 
kind of correlations among sample-dependent parameters that have been recognized from 
the much more extensive data on YB~Cu307-6 (YBCO) and which have provided a basis 
for the current understanding of the specific heat of that material. For these reasons, it is 
not useful to discuss specific-heat measurements on the 11-0 superconductors except in the 
context of what is known about other high-Tc superconductors, HTSC's. The measurements 
on YBCO are more complete and better understood than those for any other high-T c 
superconductor, which suggests a discussion of the specific heat of the 11-0 superconductors 
based on a comparison with measurements on YBCO and their interpretation. Such an 
approach is not entirely satisfactory, both because the current understanding of the specific 
heat of YBCO is itself incomplete -- and based to a significant degree on comparisons with 
the specific heat of conventional superconductors -- and because the complications 
associated with oxygen stoichiometry (8# 0) which are attendant on the occurrence of CuO 
chains, as well as the Cu02 planes , in YBCO may have no counterpart in the case of the 
11-0 superconductors. Nevertheless, this seems to be the most satisfactory approach, and 
it is the one taken here. 

This review is organized into six sections: Sec. n is a brief description of the 
information obtained from specific-heat measurements on conventional superconductors, and 
Sec. III is a summary of the measurements on YBCO and their interpretation. Since there 
is a natural division of the specific-heat-derived results into "low-temperature" (L;T~ lOK) 
results and results near T C' which is reflected in the discussion in Sec. m, the low­
temperature measurements and the measurements near T c on the 11-0 superconductors are 
presented in Sections IV and V, respectively. Section VI includes additional discussion of 
the parameters derived from specific-heat data for the 11-0 superconductors, and their 
relation to the corresponding parameters for other high-T c superconductors, to the electron 
density of states at the Fermi surface, to the phonon spectrum and to the strength of the 
coupling. 

II. Specific Heat of "Conventional" Superconductors 

The two components of the specific heat, C, common to all materials containing 
conduction electrons are the lattice and the conduction electron contributions, <; and Ce, 
respectively. 

<; is generally taken to be independent of applied magnetic field, H, and the same 
in the normal and superconducting states. (In fact, for HTSC's there are indications, both 
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theoretical and experimental, that differences in the phonon spectrum, and therefore in c;_, 
between the normal and superconducting states should be taken into account. However, the 
effects are small, still not well defined and not relevant to the present state of the data for 
the TI-0 superconductors or their interpretation. This complication will not be considered 
in the following.) At low temperatures, 

(1) 

where 

(2) 

and 8 0 is the De bye characteristic temperature in the limit of zero temperature. The higher 
order terms in Eq. (1) give some information about phonon dispersion, but they are not 
sensitive to the details of the phonon spectrum. They are frequently replaced by Einstein 
terms that are interpreted in terms of singularities in the phonon spectrum, but in fact the 
difference in c;_ from that associated with the peaks in the phonon spectrum produced by 
more or less normal phonon dispersion is usually not meaningful. 

In the normal state, i.e., for H > Hc2, the upper critical field, Ce is 

Cen=yT, (3) 

with 

(4) 

where N(Ep) is the density of electron states at the Fermi energy, for both spin directions. 
Band-structure calculations give the band-structure or ''bare" density of states Nbs(Ep) which 
is related to N(Ep) by 

(5) 

where l represents the electron-phonon enhancement. For H = 0, i.e., in the 
superconducting state, the temperature dependence of ce is changed dramatically by the 
development of the gap in the electron density of states at Ep, and becomes 

(6) 

At T c there is a discontinuity in Ce, ~ C(T c), that is directly related to the temperature 
dependence of the gap at Tc, and, with the assumption of a model for the temperature 
dependence of the gap over the whole interval to OK, to the 0-K gap, 2i0. The temperature 
dependencies of Cen and Ces are illustrated as Ce/T vs T in Fig. 1. The solid curve for Ces 
corresponds to the weak-coupling BCS case in which 2i0=3.53k8Tc. The dashed curve 



4 

corresponds to a strong-coupling case here represented by the "a model". In that model2, 
which represents Ces for a number of conventional superconductors quite well, the BCS 
temperature dependence of the gap is preserved but the ratio a= 240/ks Tc is taken as an 
adjustable parameter. For the dashed curve a =3.0, andAC(Tc)/yTc=4.13; to be compared 
with the weak-coupling values, 1.764 and 1.43, respectively. For conventional superconduc­
tors, the highest known values are a,_.2.4 and A C{T J Jy T ~ 2.8, but the still higher values 
represented by the dashed curve may be relevant for YBCO. For very strong coupling, the 
shape of the specific-heat anomaly at Tc is qualitatively different: the ratio (dCe5/dThc/Y 
is greater, and the curvature of Ces/T is positive. 

For most conventional superconductors it is quite practical to measure C for H > Ha, 
and to analyze the data with Eqs. (1) and (3) to obtain reliable values of the coefficients in 
those equations. The values of ~ so determined, can be used to subtract that contribution 
from the C measured for H = 0, and thus to obtain Ces. In many cases ~ is small enough 
relative to ce, even at T C' that the features illustrated in Fig. 1, including the sharp (limited 
only by temperature resolution) discontinuity at Tc, have been well determined. Thus, 
specific-heat measurements on conventional superconductors have given: for H > Ha, the 
value of N(Ep) which is of fundamental importance in understanding the properties of both 
the normal and superconducting states, the value of 8 0 which defines the phonon spectrum 
in the long-wave-length limit and the higher order coefficients in Eq. (1) which give some 
(limited) information about phonon dispersion; for H = 0, the temperature dependence of 
Ces and the value of A C{T J which give information about the strength of the electron­
electron coupling that produces the transition to the superconducting state. 

III. General Features of the Specific Heat of HTSC's 

In this description of the general features of the specific heat of HTSC's, most 
features are illustrated by results for YBCO. Only a few references to original work are 
given; other references, and more detail, can be found in a recent revie~. 

A Overview 

The total specific heat (including~) of a reasonably representative polycrystalline 
sample of YBCO, for H = 0, is shown in Fig. 2 as C/T vs T. In this case ~ is so large 
relative to Ce that the specific-heat "anomaly" at T c is only about 3% of the total. This is 
typical of HTSC's and limits the accuracy with which data near T c can be analyzed to obtain 
detailed information about Ces. Furthermore, because the values of Ha are so high, of the 
order of lOOT, data for H> Ha and their analysis into Cen and~ are not available. Thus, 
the direct determination of N(Ep) that has been made routinely for conventional 
superconductors has not been made for HTSC's. On the other hand, since c; is the 
dominant contribution above a few K, it has been possible to obtain reasonably accurate 
estimates of c;, and representative results for several HTSC's are shown in Fig. 3 as c; jT3 

vs log T. 
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B. The Low-Temperature Specific Heat 

There are two contributions to the low-temperature specific heat that set HTSC's 
apart from conventional superconductors, and that are qualitatively apparent in the low­
temperature inset to Fig. 2. One is a low-temperature "upturn" in C/T. As shown by its 
magnetic field dependence in fields of a few T--it becomes a Schottky anomalY. with Hand 
T dependencies expected for Cu2+ magnetic moments--it is associated with Cu2+ moments 
that, for H = 0, order in the vicinity of O.lK under the influence of internal interactions. For 
H=O and T~0.4K, as in Fig. 2, it is only the high-temperature tail of the H=O anomaly that 
is observed. In fields of a few T, the applied field is large enough, relative to the internal 
fields, that a Schottky anomaly is a good approximation, and the concentration of Cu2 + 
moments associated with this feature, ~is determined by the in-field data (see below). 
Because the distribution of internal fields broadens the anomaly relative to a Schottky 
anomaly, the high-temperature "tail" is not well represented by the T 2 dependence 
characteristic of a magnetic Schottky anomaly, and requires additional terms in negative 
powers of T. Since certain superconducting-state properties are correlated with ~· it is 
clear that these moments are located, at least predominantly, in the YBCO phase. The 
other is a "linear" term y • (H)T. The field dependence of this term is well represented by 

y *(H) =y *(0) + Hdy • /dH, (7) 

with dy • / dH independent of H to within experimental uncertainty. The H = 0 component4, 
y *(0), received a great deal of attention in the first few years of research on HTSC's both 
because it has no counterpart in conventional superconductors and because it corresponded 
to a prediction of early versions of the RVB theory. For YBCO, there is no doubt that 
y *(0) includes a contribution associated with impurity phases, BaCu02 in particul~. The 
total concentration of eu2+ moments in a sample, n, which includes those in impurity phases 
such as BaCu02, n1, as well as those in the YBCO lattice, ~· can be determined from the 
Curie-Weiss term in the high-temperature magnetic susceptibility. Thus, n1 and n2 are both 
determined. To within an accuracy of the order of± lmJ/mole ·K2, the value of y *(0) is 
well represented by a sum of two terms, one proportional to nl' and the other proportional 
to n2. This suggests that a part of y *(0) is associated with impurity phases, and the rest is 
associated with non-superconducting regions of the samples that are present in an amount 
proportional to n2 and associated with the eu2+ moments that produce the upturn6• Thus, 
at least in this case, an; intrinsic contribution toy *(0) associated with the superconducting 
state isslmJ/mole·K. The H-dependent part ofy*(H), Hdy*/dH, however, is similar to 
a contribution that is well known in conventional type ll superconductors and is associated 
with increasing flux penetration for Hcl < H < Ha. 

The analysis of low-temperature data for YBCO into the components~. y *(H)T, 
and Cm, the contribution associated with Cu2+ moments, is illustrated in Fig. 4 for H=O and 
IT. In this figure another contribution, not mentioned above, but well known in other 
materials, is also apparent: for H = 7T there is an upturn in C/T associated with the 
interaction of nuclear magnetic moments with H. This contribution, Ch, is readily 
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distinguishable from the H=O upturn associated with eu2+ electronic moments by its 
magnitude and also by its H and T dependencies--for the temperatures of interest here, it 
is accurately proportional to (H/T)2• 

C. The Specific-Heat Anomaly at Tc 

The normal/superconducting transition is substantially broadened in HTSC's relative 
to that in many conventional superconductors. There are no doubt two contributions to the 
breadth of the transition as observed in the specific heat, both related to the short value of 
the coherence length, ~, although otherwise quite different in origin. One is simply sample 
inhomogeneity - fluctuations in concentration in the case of solid solutions or in oxygen 
stoichiometry in YBCO or other atomic-scale defects which are typical of oxides such as the 
HTSC's. In HTSC's with ~ of the order of the lattice parameter these defects can produce 
regions differing in the superconducting properties whereas the greater values of ~ in 
conventional superconductors have an averaging effect. The small values of~ also produce 
an intrinsic broadening of the transition by fluctuation effects that is orders of magnitude 
larger than in conventional superconductors. In the latter case fluctuation broadening is too 
small to be observed, but in HTSC's, although the magnitude of the effect is sample 
dependent (at least in YBCO), there is good evidence for its existence. The example in the 
second inset in Fig. 2 shows a reasonably sharp transition for a polycrystalline YBCO 
sample; sharper transitions have been observed in a few polycrystalline samples; but 
generally the sharpest transitions have been observed in single crystals, for which the 
analysis of the data for fluctuation effects is most convincing7. An example of fluctuations 
in a polycrystalline sample is shown in Fig. 5. 

For YBCO it is clear that the shape of the specific-heat anomaly at Tc is influenced 
by sample inhomogeneities, by strong-coupling effects and by fluctuations. Furthermore, 
analysis of the shape of the anomaly is always complicated by uncertainty in the subtraction 
of the ''background" or lattice specific heat. In principle all of these effects can be 
represented by analytical expressions, but there are different possibilities, among which 
somewhat arbitrary choices have to be made, and the results of the analysis are not uniquely 
determined by the data. For example, positive curvature in C/T below T c may be 
associated with strong-coupling effects or fluctuations; positive curvature just above Tc with 
fluctuations or sample inhomogeneities. Nevertheless, for a particular sample, quite 
consistent values of the mean-field contribution to the anomaly, the discontinuity ~C(Tc), 
are obtained by different reasonable approaches. Figure 6 provides an example: The dashed 
straight-line representation is a simple entropy-conserving construction that gives one value 
of ~ C(T c); the dash-dot curve is a different extrapolation of the high-temperature data 
based on a harmonic-lattice fit to the data extending to 280K that gives a value of ~C(Tc) 
that is only slightly different; the solid curve is a fit with an expression that takes strong­
coupling effects into account, allows for a Gaussian distribution of T c's and it also gives 
essentially the same value for~ C(T c>· Similar results have been obtained when fluctuation 
effects have been included. 
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Measurements on series of different YBCO samples in two different laboratories6•8 

have shown, however, that the values of aC(TJ do show a strong sample-to-sample 
dependence -- varying by factors of more than two. In both cases, this variation was shown 
to be correlated with sample-to-sample variations in the low-temperature specific heat, 
specifically the low-temperature upturn in C/T andy *(0) (although the actual parameters 
on which the correlations were based were different in the two cases). 

D. Interpretation of Sample-to-Sample Variations of the Specific Heat of YBCO as 
Reflecting Varying Volume Fractions of Superconductivity 

aC(Tc) is one of three sample-dependent parameters derived from specific-heat data 
that might be expected to reflect sample-to-sample variations in the volume fraction of 
superconductivity, f

5
, in fact to be proportional to f

5
• The other two are dy • /dH (see 

Eq. 7) and aS, an entropy change associated with the effect of magnetic field on the 
specific-heat anomaly at Tc that is defined in detail in Ref. 9. In fact, all three of these 
parameters are mutually proportional with respect to sample dependence, and they can be 
used to assign relative values of j 5

9. The f
5 

scale has been made absolute on the basis of 
the observation that the same three parameters decrease approximately linearly with 
increasing ~, the concentration of eu2+ magnetic moments. This was taken as an 
indication that the eu2+ moments are themselves, or are associated with, defects that 
suppress the superconducting transition and produce non-superconducting regions. The limit 
n2 = 0 was taken as determining f 5 = 1 and the values of a C(T J, dy • /. dH and ~ S 
characteristic of the ideal, fully superconducting state. For example6, for f 

5 
= 1, 

~C(Tc)/Tc=77mJ/mole ·K2. [Similar conclusions, in that case for aC(Tc)/Tc alone, was 
reached on the basis of a related criterion and reported in Ref. 8.] 

IV. The Low-Temperature Specific Heat of TBCCO 

Specific heats at low temperatures have been measured in the TBCCO system for the 
compositions Tl-2201, Tl-2212 and Tl-2223. (This notation is used to distinguish the Tl-0 
superconductors from the corresponding phases of the Bi-0 superconductors, and to specify 
the mole numbers of Tl, Ba, Ca and Cu, by the four digits, in that order.) Table I 
summarizes parameters characterizing these samples and their low-temperature specific 
heat, and gives references to the original work. The Tl-2201 and Tl-2212 materials were 
probably predominantly single phase. However, the Tl-2223 phases are best synthesized by 
starting with an off-stoichiometric mixture, and consequently, the Tl-2223 polycrystalline 
samples contained some or all of the possible additional phases TI20 3, BaO, BaCu02, CuO, 
CaO and other TBCCO compounds, e.g., Tl-1212, Tl-1223, Tl-2201 and Tl-2212. 

Figure 7 is a plot of C/T vs T2 for sample 7, a polycrystalline, mixed-phase sample 
(Tl-2212 + Tl-2223) for H = 0 and 7T. These were possibly the first low-temperature specific­
heat measurement on TBCCO. (Samples 5, 6 and 7 seem to be the only samples that have 
been measured in magnetic fields.) In Fig. 8 C/T vs T2 is compared for a single crystal and 
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a polycrystalline aggregate of TI-2223, samples 1 and 2, respectively, while Fig. 9 is a similar 
plot for TI-2212 and TI-2201, samples 8 and 9, respectively. 

The specific heat displayed in Fig. 7 is similar to that observed for YBCO: a low­
temperature upturn inC/Tat H=O, that becomes a Schottky anomaly in 7T, and a finite 
y *(0). All of the low-temperature specific-heat measurements on TBCCO show a low­
temperature upturn in C/T, but the upturn for the single crystal (see Fig. 3) is much smaller 
than that for the polycrystalline samples. These results are similar to those observed for 
single crystal10 and polycrystalline13 BSCCO samples, which have the same structure. In the 
TBCCO system y *(0) ranges from 0 to 63mJ/mole ·K2• 

Since Cu is the only potentially magnetic element present in TBCCO, the C/T upturn 
can be assumed to be associated with localized eu2+ electronic magnetic moments, as it is 
in YBCO. Furthermore, as in YBCO, in a magnetic field of 7T (see Fig. 7) this upturn 
becomes a Schottky anomaly which can be fitted with g=2 and S= 1/2 (characteristic of 
eu2+ at low temperatures). The amplitude of that anomaly gives a reliable estimate of the 
amount of Cu2+ present (see n2 of Table 1). For that sample13, the amount of eu2+ was 
about an order of magnitude larger than that found for a typical YBCO sample, but 
comparable to that of BSSCO polycrystalline samples13• Junod et al.12 have measured 
the magnetic susceptibility above Tc for TBCCO (samples 4, 8 and 9) and from fitting the 
data to a Curie-Weiss Law they have derived the total eu2+ concentration of magnetic 
moments (see Table 1). These concentrations are comparable to the value of n2 for sample 
7. The eu2+ magnetic moments in TBCCO samples could be associated either with 
localized Cu2+ moments located in the Cu02 planes of the TBCCO structure or with 
impurity phases. 

For samples 3, 8 and 9, the H = 0 upturns in C/T were fitted with T 2 terms; for 
sample 7, additional terms were required because the data extended to lower tem~eratures. 
Urbach et al.10 interpreted the upturn as being due to spin-glass ordering of Cu +. They 
used a term proportional to T 1, which corresponds to the high-temperature limit for spin­
glass ordering, to fit the upturn, ~nd calculated ~ from the coefficient of that term using 
a spin-glass model and an estimate of the exchange energy based on the antiferromagnetic 
interactions of ~Cu04 and YB~Cu306• However, neither the validity of the T 1 

representation of the upturn nor the applicability of the spin-glass model is clear. The 
fitting expression was apQarently not really adequate to represent the data; it was used only 
above 3.5K, where the T 1 term contributes only 14% of the total C; and the T 1 term drops 
to 4% of the total at 5K. It is clear from the magnitude of the upturn that n2 is small, but 
the assumptions underlying the estimate leave room for doubt as to its quantitative 
significance. 

The fact that to within experimental error y *(0)=0 for nearly all BSCCO samples 
(single crystal or polycrystalline) while y *(0) is finite for YBCO, LMCO (M=Ca, Sr, Ba) 
and for some, but not all, TBCCO samples is interesting and deserves further study. For 
YBCO it has been shown6 that y *(0) can be interpreted as arising from a combination of 
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the "linear term" associated5 with some forms of BaCu02, present as impurity phases, and 
the presence of normal metallic material interspersed with the superconducting material, 
and present in an amount proportional to~· For LSrCO, y *(0) is associated entirely with 
normal material15• [Too few measurements have been made for LBaCO and LCaCO to 
allow any conclusions to be drawn about the origin of the observed finite y *(0).] 
Structurally, the TBCCO and BSCCO compounds are alike; however, one significant 
difference may be that the former contain Ba, and hence there is the possibility of BaCu02 
phases, which could contribute toy *(0). This view is supported by the fact that for a single 
crystal ofTBBCO (11-2223)10, which might be expected to have relatively small amounts of 
BaCu02 present, y *(0~0. However, there remains an inconsistency in that for YBCO. A 
part of y *(0) seems to be associated with eu2+ moments (~,while for many BSCCO 
samples these moments are present in relatively high concentrations, but y *(0) is at least 
small, if not zero. One possibility is that, unlike YBCO, BSCCO and TBCCO have no CuO 
chains in their structure, and none of the attendant problems with oxygen stoichiometry . 
.?erhaps the eu2+ moments in YBCO that give rise to a finite y *(0) are associated with 
these chain sites and not the Cu02 planes. 

For YBC06 and LSrC015 there is a correlation between the size of .iC(Tc)/Tc 
(which has been taken as a measure of the fraction of the sample which is superconducting) 
and that part ofy *(0) not due to impurity phases. At present there are insufficient data for 
either BSCCO or TBCCO to make such a comparison. (See Sec. V for a discussion of the 
specific heat near Tc for TBCCO.) 

As shown in Table I, the limiting low-temperature De bye temperature, 9 0' decreases 
as the number of Cu02 planes in the unit cell decreases. (The variation in 9 0 for the 
11-2223 samples is undoubtedly due to the presence of other phases--except possibly for the 
single crystal sample10.) For comparable BSCCO and TBCCO structures 99. is about the 
same. Figure 3 is a plot of~ /T3 vs log T for LCO, YBCO, BSCCO (Bi-2212) and 
TBCCO (11-2212+11-2223). For both the YBCO and LCO [similar to LMCO (M=Ca, Sr, 
Ba)] the T3 region lies below SK and there is a pronounced peak near 20K that shows the 
presence of a peak in the phonon density of states near SOK. For both BSCCO and TBCCO 
the T3 region extends about a factor of two higher in temperature with only a small peak 
in ~ /T3 that occurs just below the rapid decrease of ~ jT3 at higher temperatures. The 
lattices for both BSCCO and TBCCO, with 9 0 in the range 250-290K, are much softer than 
those of LCO and YBCO, for which 90's range from 450-SOOK. 

A hyperfine specific heat has been observed only in the case of Sample 7. Ch was 
much smaller than expected for the combined Cu and 11 contributions. The size of the 
measured Ch suggests that the hyperfine contribution is due to the 11 nuclear moments and, 
therefore, that the Cu nuclear moments are not relaxing sufficiently rapidly to contribute. 
These results are similar to those found for the BSCCO compounds13• 
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V. The Specific-Heat Anomaly at Tc for TBCCO 

The early specific-heat measurements on YBCO provided evidence of a bulk 
superconducting transition near 90K, but the observed anomalies were relatively broad with 
heights considerably lower than those observed in later experiments. As sample quality 
improved, the YBCO anomalies became higher, narrower and sufficiently well-characterized 
to provide clear evidence that a simple weak-coupling BCS picture is not adequate for a full 
understanding of the superconducting phase transition. That such a definitive view is not 
yet possible in the case of the superconducting Tl-0 superconductors (or, for that matter, 
in the case of other HTSCs) is made clear in Fig. 10 where some of the recent measure­
ments on IBCCO and BSCCO are compared with those on YBC016• These specific-heat 
data, unlike some of the earlier Tl-0 and Bi-0 HTSC results (see, for example, Refs. 17 and 
18) do show departures from the "background" (lattice plus normal electron) specific heat. 
Nevertheless, the striking difference between the Tl-2212 and Tl-2223 anomalies on the one 
hand and that of YBCO on the other, strongly suggests that much work on sample 
preparation remains to be done before interpretations of the Tl specific-heat data near T c 
can be made with confidence. To be sure, band-structure calculations (see section VI) 
suggest that the bare density of states, Nbs(Ep), for the two Tl HTSC's are only about half 
as large as for YBCO. For that reason, it is possible that the specific-heat anomalies in the 
Tl-2212 and Tl-2223 compounds will never be as large, and therefore not as sharply-defined, 
as that in YBCO. Nevertheless, the experience with YBCO sample preparation, and the 
improvement already made in producing single phase Tl superconductors, give hope that the 
next few years will help to clarify what is presently a confusing picture of superconductivity 
in these materials. In fact, some very recent results19 indicate that the anomaly in Tl-2223 
may be at least as pronounced as that in YBCO, and that therefore the similarities between 
this HTSC and YBCO may be greater than Fig. 10 suggests. 

The specific heats of TI2B~Can_1Cun02n+4 for n= 1, 2 and 3 have been measuredu. 
Tl-2201 was found to show no calorimetric evidence of a superconducting transition although 
there was evidence from ac susceptibility data of an incomplete superconducting transition 
that began just above 12K. Fig. 10 shows that the specific heats of both Tl-2212 and Tl-2223 
provide evidence for superconducting transitions at temperatures above lOOK. A sample13 

that contained roughly equal parts of Tl-2212 and Tl-2223 showed a broad anomaly that 
began at -113K. These data are shown in Fig. 11, along with data obtained in a 7T 
magnetic field. The difference between the zero field and the 7T data are also shown as 
the dotted line in Fig. 12, where they are compared withaC=C(O)-C(5T) as computed from 
reversible magnetization20 on Tl-2223. Fisher et al.13 compare their results with similar data 
obtained on YBCO and estimate that the observed differences between the zero- and the 
in-field results are likely to be 2 to 3 times smaller than would be expected for a fully­
superconducting sample. 

The specific heat of Tl-2212 has been measured from low temf.eratures up to 300K 
by two groups12.21.22, and in the region 60-140K by several others17•1 .23. Atake et a1.21•22 

measured C for 3 different Tl-2212 samples in which the number ofTl atoms was 2.10, 1.94, 
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and 1.82 (samples~ band c respectively). They found values for aC(TJ and Tc of 2.6, 2.8 
and 2.2 J /mole. K and 104, 96 and 89~espectively. In the case of sample a they used the 
technique described by Sharifi et al. for anal~ the specific heat near T c· This 
technique, similar to that employed by Gordon et al. , is based on the assumption that the 
measured C is the sum of a lattice term and an electronic term that has a Gaussian 
distribution in Tc. In order to account for the possibility of strong-coupling and for a 
fluctuation contribution, Atake et al.21 approximate their data with an adjustable 8 
parameter fit in which the fluctuation term is assumed to be due to three-dimensional 
Gaussian fluctuations, and in which the mean-field part of the anomaly is assumed to vary 
as 11-T /T c 1. Fig. 13 shows their data after the computed "background" (lattice plus normal 
electron) specific heat has been subtracted off. The smooth curve in the figure is their fit 
to the data. From this fit they find that the sample has a spread in T c of - ± 7K, a mean 
coherence length ~-5.4 A, and a y of 21mJ/mole -K2. The fit also indicates BCS weak 
coupling. The authors rightly caution, however, that a sample with a narrower distribution 
in T c might yield different results. 

The data of Wohlleben et al.23 and Braun et al.16 on Tl-2212 near T (see Fig. 10) 
are quite similar to those re¥orted by Atake et al.21•22 and by Junod et al.~ They differ, 
however, from earlier results 7•18 that showed no cusp in the specific-heat data but did have 
discontinuities in the slopes of the C/T vs T data. Seidler et al.18 suggested that these 
results could imply the existence of a third-order phase transition in the T1 and Bi oxide 
superconductors; however, their own later data (as well as the results of the other groupsi 
indicate that no such hypothesis need be entertained. Wohlleben et al.23 and Braun et al.1 

obtain a fit to the ''background" specific heat by fitting the data well above and below T c' 
and then subtract the ''best" background fit from the data in the vicinity ofT c· The authors 
represent the remaining a C as the sum of a BCS mean-field specific heat plus a fluctuation 
term. The former authors23 assume that this term arises solely from critical fluctuations, 
Cnoc log I ( 1-T /T c I, whereas Braun et al.16 assume the fluctuations to have this form only 
within +5K of TC' and to have the I1-T/Tcl"1 dependence characteristic of 2-D Gaussian 
fluctuations for IT-Tel >5 (as opposed to the I1-T/Tcl"112 dependence ofthe 3-D Gaussian 
fluctuations assumed by Atake et al.21). Fig. 14a shows the ac data near T~ as well as the 
fit corresponding to an anomaly made up of mean-field and 2-D Gaussian fluctuation 
components. These authors16 obtain a value for y of 3.7mJ/mole -K2, while for the same 
data Wohlleben et al.23 obtain 12mJ/mole-K2• Both values are considerably lower than the 
value of21mJ/mole·K2 obtained by Atake et al.21, a result that surely reflects the different 
assumptions regarding the fluctuation term as well as possible differences in the fitting 
procedures and in sample composition. 

Several groupsl2.14•16•19.23,26 have reported observations of an anomaly in the specific 
heat of Tl-2223. The techniques for making this Tl-0 superconductor differ among the 
various groups (the data reported b~ Wohlleben et al. 23 and by Braun et al.16 were taken 
on the same samples). Junod et al. found x-ray evidence for nonsuperconducting phase 
impurities. Panova et al.14 ref.ort that their samples were at least 90% Tl-2223, while Braun 
et al.16 and Bandyopadhyay1 report that x-ray analysis indicated a sample with the Tl-2223 
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structure. The specific-heat measurements of Gavrichev et al.26 showed anomalies at 97 and 
125K, and a break in the slope of C/T vs Tat 110K. This break indicates the presence of 
Tl-2122 in the sample, while the two anomalies are evidence for the existence of both Tl-
1122 and Tl-2223 phases in this nominal Tl-2223 material. 

Wohlleben et al.23 and Braun et al.16 analyze the Tl-2223 specific-heat data using the 
same techniques they had used on Tl-2212. That is, they assume the anomaly to be due to 
a BCS mean-field term plus a fluctuation term. The former group23 assumes this fluctuation 
term to be due solely to critical fluctuations and obtain a value for y of 15.4mJjmole ·K2

• 
The latter group16 reexamined the Tl-2223 data and concluded that they can be better fitted 
assuming 2-D fluctuations for 11-T/Tcl >5K, with a crossover to critical fluctuations in the 
region nearer T c· This analysis yields y- 8mJ /mole • K2• These results are shown in Fig. 
14b. The data of Bandayopadhyay et al.19 are shown in Fig. 15. These authors do not 
attempt to include a fluctuation term in their analysis, although the curvature in the data 
above Tc (see inset in Fig. 15) probably indicates that mean-field analysis of the type they 
carry out should be modified. The authors rePQrt a value of 50.9mJ /mole • K2 for 
~C(TJ/Tc, a result that gives y-36mJ/mole ·K2 assuming the BCS weak-coupling 
relationship, ~ C(T c> /T c = 1.43y. The considerable difference between their value for y and 
that calculated by either of the other two groups12.16 reflects, in part, their failure to include 
a fluctuation term. However, it also appears that the data of Bandyopadhyay et al.19 show 
a surprisingly-pronounced anomaly. In fact, an "entropy-conserving" construction to estimate 
~C{Tc)/Tc from their data gives a discontinuity of almost 85mJ/mole ·K2, a value 
comparable to that characteristic of a fully-superconducting YBCO sample. Panova et al.14 

have made electrical-resistance, thermal-emf, magnetic-susceptibility and specific-heat 
measurements on two samples of Tl-2223. They measured C in magnetic fields to 16T and 
estimated that for H = 0 the samples had a 40-50% Meissner fraction. They also found the 
samples to have ~C{Tc)/Tc-30mJ/mole ·K2• From the BCS weak-coupling result, 
y =.:1C(Tc)/1.43Tc, they obtain y =21mJ/mole ·K2, a value consistent with that which they 
calculate from their high-temperature magnetic-susceptibility data. 

Braun et al.16 point out that evidence for fluctuation effects in the Tl-0 superconduc­
tors can also be found in their own thermal expansion data and in the values for ~C=C(O)­
C(H) calculated from reversible magnetization measurements20• The authors16 note that 
their measured specific-heat anomalies have the same triangular shape as that obtained from 
the magnetization data20• However, the measured values are considerably larger than C(O)­
C(5T), thereby indicating that fields considerably larger than 5T would be necessary to 
suppress completely the specific-heat anomaly near T c· This conclusion is consistent with 
that of Fisher et al.13• Figure 12 is a graph of C(O)-C(5T) for Tl-2223 as calculated from 
the reversible magnetization data20• The dotted curve in the figure shows the C(O)-C(7T) 
data of Fisher et al.13• 

The general class of Tl compounds we have discussed thus far can be regarded as the 
m=2 subset of the series TlmB~Ca0_1Cu002(n+l)+m' In the m=2 case the Cu02 planes 
responsible for superconductivity are separated by two insulating TIO sheets and T c 
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increases with n = 1, 2 and 3. The m = 1 series of compounds has a single 110 layer 
separating the Cu02 planes and, for a given n, has a T c 10-15K lower than that for the 
corresponding m = 2 compound. Kim et al. 27 have suggested that the m = 1 series should 
have a higher critical current, JC' than the m=2 series because Josephson tunnelling between 
Cu02 layers is greater through a single 110 sheet than through the double 110 layer of the 
m = 2 series. This suggestion has been confirmed by Liu et al. 28 who have measured both 
J c and C for the lead-stabilized 11-1223 compound, (11o5Pb05)Sr2~Cu309• They find that 
J c is greater than for 11-2223 and is, in fact, comparable to the J c of YBCO. Their 
measurements of C show a broad anomaly that begins at - 115K and has 
~C(TJ/Tc.~tf29mJ/mole ·K2• According to the authors, the high temperature "tail" of the 
anomaly is consistent with a contribution to C from 3-D Gaussian fluctuations. They note 
that this fluctuation term is more like that present in YBC07 than the 2-D fluctuation 
observed in 11-222316• They predict that this 11-1223 HTSC, with a Jc comparable to that 
of YBCO and a T c that is - 25K higher, may prove to have considerable technological 
promise. 

One other set of specific-heat measurements on an HTSC thallium-containil),g 
compound deserves mention. The system (Y l-x~)Sr2 1'1o.sPb050 7 shows behavior' 
reminiscent of ~-xSrxCu04• Here 1'1o.sPb05 replaces the Cu atom in the CuO chains of 
YBCO while Sr replaces Ba. The substitution of ea2+ for some of the yJ+ permits a 
variation of hole concentration in the material, and allows the experimenter to achieve a 
wide variation in both Tc and ~C(TJ/Tc. The results are shown in Fig. 16. The authors 
use a differential calorimeter that permits the electronic contribution to the total specific 
heat to be determined with high precision. As is evident from the figure, the system has an 
optimum composition near x=0.8, with both Tc and ~Ce1(TJ/Tc decreasing as x varies on 
either side of the optimal value. 

Table II is a compilation of results on several of the 11-2212 and 11-2223 11-0 
superconductors. Included in the table are estimates of f 

5
, the volume fraction of 

superconductivity, predicted on the basis of Meissner effect and/or ac susceptibility 
measurements. Because of the uncertainties that arise in attempting to interpret these 
magnetic measurements, the listed values off 

5 
should be regarded as no more than a rough 

guide to the actual volume fractions. Also included in the table are values for: a) x
0

, the 
temperature-independent paramagnetic susceptibility; b) the value of y x inferred from x 

0 
by setting it equal to the Pauli susceptibility--assuming that the core diamagnetic contribu­
tion to Xo is essentially offset by the Van Vleck paramagnetic contribution and that the 
Landau-Peierls diamagnetic term is small enough to be ignored; c) ybs, the value of y 
calculated from Nbs(EF) without taking into account enhancement effects, i.e., y bs =y / ( 1 +A.) 
(see Eq. 5). 
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VI. Further Discussion and Summazy 

A Lattice Specific Heat 

Kulkarni et al. 30 have calculated the phonon spectrum and lattice specific heat of the 
11-0 HTSC's. They predict that 8300-600K, in agreement with the experimental results 
reported in Ref. 14 on 11-2223. However, their predictions regarding the range over which 
<;ccT3 and the values of80 are not in accord with the experimental results (see Table I and 
Fig. 5). 

B. Low Temperature Upturn C/T andy *(0) 

Within the experimental uncertainty of -1m1/mole -K2, y *(0) for YBCO can be 
represented as the sum of a contribution from impurity phase, particularly BaCu02~ and a 
contribution from non-superconducting regions in the YBCO associated with eu2+ moments 
present in a concentration n2; but with the same uncertainty, y *(0),1:0 for all samples. On 
the other hand, y *(0)=0 for most BSCCO samples and for some TBCCO samples. The fact 
that y *(0)=0 for BSCCO samples, including some for which n2 is large, suggests that the 
relation between eu2+ moments and y *(0) is different from that for YBCO. If there are 
localized eu2+ moments in the Cu02 planes of BSCCO and TBCCO, they may produce 
non-superconducting material that is not metallic, i.e., which does not have a y associated 
with it. 

C. Fluctuations 

The data on 11-221216•21•23, 11-222316•19•23 and on (11Pb)-122328 provide evidence for 
a fluctuation contribution to C near T e· In Ref. 21 it is assumed that this contribution 
comes from 3-D Gaussian fluctuations, whereas in Refs. 16, 23 and 28 the contribution for 
IT-Tel >5K is attributed to 2-D fluctuations. The authors in Ref. 16 argue that there is a 
crossover from 2-D Gaussian fluctuations to 3-D critical fluctuations as IT-Tel approaches 
zero. Sokolo~1 has examined the results from Refs. 16 and 23 and argues that they span 
the cross-over region but do not adequately penetrate the temperature region close to T c 
to be considered as evidence for true 3-D critical behavior. 

Because strong-coupling effects can produce upward curvature in the Ces/T vs T data 
below Te (see Fig.2), the evidence for fluctuations for T>Te is somewhat clearer than that 
for T<Te. This is especially true in the data on (TIPb)-122328• However, even above Tc 
the apparent evidence for a fluctuation contribution to C will depend upon how the estimate 
is made for the background specific heat, and also upon whether or not broadening of the 
anomaly due to sample inhomogeneities is included in the data analysis. Only in Ref. 21 
is the possibility of such broadening included in the analysis. 
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D. Strong Coupling 

In most of the results reported here the authors assume BCS weak coupling to be 
applicable, that is, they assume that (in the absence of a fluctuation term) ~C(Tc)/Tc 
= 1.43y. This assumption proves to be consistent with the fitting procedure used in Ref. 21, 
but, as is noted in Refs 16 and 21, the data do not point unambiguously to such a 
conclusion. The best-defined srcific-heat anomaly for any of the n superconductors is that 
reported by Bandyopandhyay1 • In their analysis the authors do not include the effects of 
fluctuations, strong-coupling or broadening due to inhomogeneities. Nevertheless, the data 
above T c indicate the possible presence of a fluctuation contribution. However, data below 
T c are like many of the results on YBCO in that there is little evidence of curvature just 
below Tc, but give a very large value of the ratio Tc(dC/dT)/~C(Tc). A large value for this 
ratio is characteristic of strong- rather than weak-coupling (see Fig. 1). The results in Ref. 
19 give hope that as sample quality improves, specific-heat data on the TI-0 compounds may 
provide clearer evidence of strong coupling (or its absence) and of 2-D versus 3-D character. 

E. The Electron Density of States Near the Fermi Energy and y. 

Table II lists values of Nbs(Ep) obtained from band-structure calculations and the values 
of the y bs• the value of y calculated from N~Ep) without any allowance for enhancement 
effects, i.e., Ybs =y /(1 +1 ); Ybs(mJ/mole ·K )=0.424Nbs(Ep) (statesjev/unit cell). Also 
listed are the values of XQt the temperature-independent part of the magnetic susceptibility, 
and the associated gamma, y ; Yx(mJ/mole ·K2)=7.3x10\

0
(emu/mole). Values for 

y mf=~C(Tc)/1.43Tc, the value for y to be expected for a weak-coupled BCS superconduc­
tor, and y 0, the mean-field weak-coupled BCS value of y when fluctuations were used in 
the data analysis, are also tabulated. In Table II the relatively small values of y 0 obtained 
from Refs. 16 and 23 reflect the fact that the authors subtract a sizeable fluctuation 
contribution from the measured ~ C(T c> before using the BCS relationship to calculate y 0. 
Except for these cases, y mf and y x are greater than y bs• a result that might be taken to 
indicate substantial values of 1, and that strong coupling is present in the TI-0 
superconductors. However, such a conclusion is clearly inconsistent with the weak-coupling 
assumption that ~C(Tc)/y mfTc= 1.43 (however, see Ref. 32). The fact that the most of the 
values for y mf and y x for a given compound are comparable may be significant, but one 
should be wary of leaping too readily to this conclusion. The values of N(Ep). and therefore 
of y X' obtained from the susceptibility data, will depend upon whether or not corrections 
for the core diamagnetism and Van Vleck paramagnetism are included, and also upon the 
assumptions made concerning the possibility of a Stoner enhancement of x 

0
• 

The variation in the values of y listed in Table II makes it evident that as yet little can 
be said with confidence about the size of y in the TI-0 HTSC's, or about the possible 
renormalization of y by phonon or other enhancement effects. In what is generally 
a confusing set of results there does exist one bit of clarity: XQt expressed in units of 
emu/(g-at Cu), is essentially the same for the TI-0 HTSC's as for YBCO. However, the 
calculated Nbs(Ep) (in states/ ev /Cu atom) for these materials33-35 is substantially lower than 
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that calculated for YBC036• This situation for Nbs(Ep) mirrors that for the observed 
aC(TJ/Tc values, thus indicating some measure of agreement between the specific-heat 
results and the band-structure calculations. The data reported in Ref. 19 are an exception 
to this generalization. Should subsequent measurements on Tl-2223 confirm these results, 
further band-structure calculations will be in order. 

In summary, it is evident that better specific-heat measurements on better samples, 
especially single crystals, should help to remove some of the ambiguities in the data 
discussed in this review. It is to be hoped that such measurements, in combination with 
other work on the Tl-0 superconductors will clarify the role played by fluctuations, by 
possible strong-coupling effects, and by dimensionality in determining the characteristics of 
the only materials yet found to be superconducting at temperatures greater than 115K. 
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TABLE I CAPTION 

Table I. Parameters characterizing the low-temperature properties of TBCCO. Blanks in 
the table signify that either those parameters were not measured or were not available. n 
and n2 are the ratio of the eu2+ localized magnetic moments to the total Cu content of the 
starting composition except for sample 1 where the ratio is with respect to the Cu content 
of Tl-2223. n was derived from Curie-Weiss Law fits to magnetic-susceptibility data above 
Tc, and ~was derived from an analysis of the low-temperature specific-heat measurements 
(see text). y *(0) has the units of mJjmole-K2, where the molecular weight and the number 
of atoms was calculated from the stoichiometry of the starting composition for samples 4 
and 7, and for the superconducting phase stoichiometry for the others. Values of 8 0 and 
y *(0) in parentheses were scaled from a graph of C/T vs T2 for sample 3. Since there may 
be flux pinning, and because of the possible presence of non-superconducting phases, the 
Meissner fraction (-47rxv) is a lower limit on / 5• 



TABLE I 

# Starting Superconducting Tc(K) -41TXv n n2 y•(O) 80 Ref. 
Composition Phase 

I Tl-21128 Tl-2223 105 0.0004 <I 270 10 -- --

2 Tl-21128 Tl-2223 5 280 10 -- -- -- --

3 b Tl-2223 114 63 (290) II -- -- --

4 Tl-1133c Tl-2223 122 0.24 0.03 290 12 -- --

5 Tl-3223d Tl-2223 120 0.50 0.01 28 270 14 --

6 Tl-3223d Tl-2223 112 0.40 0.01 -0 260 14 --

7 Tl-1112e Tl-2223 
+ 

Tl-2212 113 0.30 0.025 16 268 13 --

8 Tl-22121 Tl-2212 99 0.51 0.05 <6.8 254 12 --

9 Tl-22011 Tl-2201 <12 0.08 0.03 0 238 12 --

....... 
()) 
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TABLE I FOOTNOTES 

a) The starting composition of the melt was 11-2112. For sample 1, a single crystal of 
11-2223 was separated from the solidified melt, and a polycrystalline mass of 11-2223, 
sample 2, was broken from it. The authors state that a small amount of 11-2212 was 
probably present in sample 2. 

b) Preparation details were not stated and no indication was given for the presence or 
absence of other phases. 

c) Since the starting composition was 11-1113, the 11-2223 sample was multiphase. The 
other phases could not be identified with certainty but were consistent with CuO, 
BaCu02' CaO and 1120 3• The phases 11-1212, 11-1223, 11-2201 and 11-2212 were 
not detected. All analysis was by x-ray. 

d) Since the starting composition was 11-3223, the 11-2223 samples were multiphase. 
The 11-2223 phase concentration was given as 90% from x-ray analysis. The authors 
state that sample 6 was "structurally more perfect" than sample 5, and they speculate 
that the structural imperfection may be related to a finite y *(0). Specific-heat 
measurements were made in the magnetic field range Qs Hs 16T. 

e) The starting composition of 11-1112 resulted in a multiphase sample of approximately 
equal amounts of 11-2223 and 11-2212. CuO was also detected. The analysis was by 
x-ray. 

f) This sample was stated to be single phase on the basis of an x-ray analysis. 
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TABLE II CAPTION 

Table II. y and other parameters characteristic of TBCCO near and above Tc. Units are: 
!lC/T andy in m.T/mole ·K2; Xo in emu/mole; Nbs(Ep) in statesfev/unit cell. A mole is 
the gram-formula-weight of the compound listed. !l C(Tc)/T cis the mean-field height of the 
anomaly; y mf=!lC(TJ/1.43Tc; y 0 is the mean-field weak-coupled BCS value of y when 
fluctuation components are used in the data analysis; y x is calculated from x 

0
, the 

temperature-independent part of the magnetic susceptibility above T c' by assuming that it 
is equal to the Pauli susceptibility; y bs is calculated from Nbs(Ep), the band-structure density 
of states at the Fermi energy; f

5 
is the fraction of superconducting material present in the 

sample (see Sec. V). 



TABLE II 

I 

Compound Tc(K) dC(Tc)/Tc Ymt Yn fs 

Tl-2201 12< - - - 0.08 

-
Tl-2212 104 258 17b 21 -

100 35±108 24±8 - 0.51 

I 

109 32c 22b 3.7, 12 0.20 

Tl-2223 117 34c 24b 8, 15.4 0.25 

122 20±108 14±7 - 0.24 

115 50.98 36 - 0.90 

120 358 24 - 0.50 

112 278 19 - 0.40 

- - - - -

(TIPb )-1223 115 298 20 - -
YBCOd 91 66e 46 - 0.861 

Xoxl04 Y, 

0.425 3.1 

- -
2.9 21 

- -

- -
4.0 29 

- -
3.0 22 

3.0 22 

2.19 16 

- -
2.8 20 

Nbs(EF) Ybs 

1.24 2.92 

2.82 6.7 

3.8 9.0 

6.78g 16 

Ref. 

12 

33 

21,22 

12 

16,23 

34 

16,23 

12 

19 

14 

14 

35 

34 

28 

3 

36 

I 

N .... 
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TABLE II FOOTNOTES 

a) ~C(TJ/Tc as given by the authors (see Refs. for details). 

b) These authors also fit their data near T c using a fluctuation contribution plus 
a mean-field BCS contribution. y n is calculated from this mean-field 
contribution and is different from y mf=&C(Tc)/1.43Tc. (See Sec. V and Refs. 
for details.) 

c) &C(TJ/Tc was read from Fig. 14. 

d) Values of parameters listed for YBCO are given for the purpose of 
comparison with the TBCCO parameters. 

e) & C(T c> /T c is an average of the values obtained from the various methods 
used on the data shown in Fig. 6 (see Sec. m C). 

t) f 5 for YBCO was obtained using the correlations described in Sec. m D. 

g) This value of Nbs(EF) is a corrected value of that listed in Ref. 36 (A J. 
Freeman, private communication). 



23 

REFERENCES 

1. Z. Z. Sheng and A M. Hermann, Nature (London) 332, 55 (1988); Z. Z. 
Sheng and AM. Hermann, Nature (London) 332, 138 (1988). 

2. H. Padamsee, J. E. Neighbor and C. Schiffman, J. Low Temp. Phys. U, 387 
(1973). 

3. N. E. Phillips, R. A Fisher and J. E. Gordon, Prog. in Low Temp. Phys. 13, 
ed. D. F. Brewer (North-Holland, The Netherlands, 1992) p. 267. 

4. This component was recognized in very early measurements; the first 
published reports were: M. E. Reeves, T. A Friedmann and D. M. Ginsberg, 
Phys. Rev. B 35, 7207 (19877); L E. Wenger, J. T. Chen, G. W. Hunter and 
E. M. Logothegis, Phys. Rev. B 35, 7213 (1987); B. D. Dunlap, M. V. Nevitt, 
M. Slaski, T. E. Klippert, Z. Sungaila, A G. McKale, D. W. Capone, R. B. 
Poeppel and B. K. Flandermeyer, Phys. Rev. B 35, 7210 (1987). 

5. A P. Ramirez, R. J. Cava, G. P. Espinosa, J. P. Remeika, B. Batlogg, S. 
Zahurak and E. A Rietman, Mater. Res. Soc. Symp. Proc. 99,459 (1987); R. 
Kuentzler, Y. Dossmann, S. Vilminot and S. el Hadiqui, Solid State Comrnun. 
65, 1529 (1988); D. Eckert, A Junod, T. Graf and J. Muller, Physica C 153-
155, 1038 (1988). 

6. N. E. Phillips, R. A Fisher, J. E. Gordon, S. Kim, A M. Stacy, M. K. 
Crawford and E. M. McCarron ill, Phys. Rev. Lett. 65, 357 (1990). 

7. S. E. lnderhees, M. B. Salamon, J.P. Rice and D. M. Ginsberg, Phys. Rev. 
Lett. 66, 232 (1991). 

8. A Junod, D. Eckert, T. Graf, G. Triscone and J. Muller, Physica C 162-164, 
1401 (1989). 

9. R. A Fisher, J. E. Gordon and N. E. Phillips, presented at the Lattice Effects 
in High-Tc Superconductors Workshop, Santa Fe, NM, January 13-15, 1992, 
and to be published in the Proceedings. 

10. J. S. Urbach, D. B. Mitzi, A Kapitulnik, J. Y. T. Wei and D. E. Morris, Phys. 
Rev. B 39, 12391 (1989). 

11. Y. Muto, N. Kabayashi and T. Sasaki, The Science of Superconductivity and 
New Materials, ed. S. Nakajima (World Scientific, Singapore, 1989) p. 98. 



24 

12. A Junod, D. Eckert, G. Triscone, V. Y. Lee and J. Muller, Physica C 159, 
215 (1989); A Junod, D. Eckert, G. Triscone, J. Muller and V. Y. Lee, 
Physica 162-164, 476 (1989). 

13. R. A Fisher, S. Kim, S. E. Lacy, N. E. Phillips, D. E. Morris, A G. 
Markelz, J. Y. T. Wei and D. S. Ginley, Phys. Rev. B 38, 11942 (1988). 

14. G. Kh. Panova, M. N. Khlopkin, N. A Chemoplekov, A V. Suetin, B. I. 
Savel'ev, A I. Akimov, L P. Poluchankma and A P. Chemyakova, 
Superconductivity: Physics, Chemistry, Technology 4, 60 (1991). 

15. A Amato, R. A Fisher, N. E. Phillips and J. B. Torrance, Physica B 165-
166, 1337 (1990). 

16. E. Braun, W. Schnelle, H. Broicher, J. Harnischmacher, D. Wohlleben, C. 
Allgeier, W. Reith, J. S. Schilling, J. Bock, E. Preisler and G. J. Vogt, Z. 
Phys. B-Condensed Matter 84, 333 (1991). 

17. E. Braun, W. Schnelle, F. Seidler, P. BOhm, W. Braunisch, Z. Drzazga, S. 
Ruppel, H. Broicher, H. Geus, M. Galffy, B. Roden, I. Feiner and D. 
Wohlleben, Physica C 162-164, 496 (1989). 

18. F. Seidler, P. Bohm, H. Geus, W. Braunisch, E. Braun, W. Schnelle, Z. 
Drzazga, N. Wild, B. Roden, H. Schmidt and D. Wohlleben, Physica C 175, 
375 (1989). 

19. A K. Bandyopadhyay, P. Maruthikumar, G. L Bhalla, S. K. Agarwal and 
A V. Narlikar, Physica C 165, 29 (1990). 

20. J. Gohng and D. K. Finnemore, Phys. Rev. B 42, 7946 (1990); M. M. Fang, 
J. E. Ostenson, D. K Finnemore, D. E. Farrell and N. P. Barsal, Phys. Rev. 
B 39, 222 (1989). 

21. T. Atake, H. Kawaji, M. Itoh, T. Nakamura andY. Saito, Thermochemica 
Acta 183, 143 (1991). 

22. T. Atake, H. Kawaj~ M. ltoh, T. Nakamura and Y. Saito, Physica C 162-
164, 488 (1989). 

23. D. Wohlleben, E. Braun, W. Schnelle, J. Harnischmacher, S. Ruppel and 
R. Domel, Inti. Cont. on Superconductivity (ICSC), ed. S. K Joshi, C.N.R. 
Rao and S. V. Subramanyam (World Scientific, Singapore, 1990) p. 194. 

• 



25 

24. F. Sharifi, J. Giapintzakis, D. M. Ginsberg and D. J. van Harlingen, Physica 
c 161, 555 (1989). 

25. J. E. Gordon, M. L Tan, R. A Fisher and N. E. Phillips, Solid State 
Commun. 69, 625 (1989). 

26. K. S. Gaurichev, V. E. Gorbunov, I. A Konovalova, V. B. Lazarev, E. A 
Tishchenko and I. S. Shaplygin, Inorganic Materials .26, 943 (1990). 

27. D. H. Kim, K. E. Gray, R. T. Kampwirth, J. C. Smith, D. S. Richeson, T. J. 
Marks, J. H. Kang, J. Talvecchio and M. Eddy, Physica C 177, 431 (1991). 

28. R. S. Liu, N. Zheng, J. W. Lora.ID, K. A Mirza, AM. Campbell and P. P. 
Edwards, Appl. Phys. Lett, 60 (in press, 1992). 

29. J. W. Loram, K. A Mirza and R. S. Liu, Supercond. Sci. Techno!. 4, S286 
(1991). 

30. A D. Kulkarni, F. W. de Wette, J. Prade, V. Schroder and W. Kress, Phys. 
Rev. B 43, 5451 (1991). 

31. A I. Sokolov, Physica C 174, 208 (1991). 

32. F. Marsiglia, R. Aiko and J.P. Carbotte, Phys. Rev. B 36, 5245 (1987). 

33. D. R. Hamann and L F. Mattheis, Phys. Rev. B 38, 5138 (1988). 

34. J. Yu, S. Massidda and A J. Freeman, Physica C 152, 273 (1988). 

35. W. Reith, P. Muller, C. Allgeier, R. Hoben, J. Heise, J. S. Schilling and K. 
Andres, Physica C 156, 319 (1988). 

36. S. Massida, J. Yu, A J. Freeman and S. D. Koelling, Phys. Lett. A 122, 198 
(1987). 



FIGURE CAPTIONS 

Fig. 1. The electron contribution to the normal and superconducting-state 
specific heats for conventional superconductors. See text for details. 

Fig. 2. The total specific heat of a typical YBCO sample. The insets are 
expanded representations of the data at low temperatures and in the 
vicinity of Tc. 
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Fig. 3. Lattice specific heats of YBCO, LCO, TBCCO AND BSCCO. The 
dashed curve represents the Debye specific heat function for 80 =450K, 
the value for a particular YBCO sample. 

Fig. 4. Analysis of the low-temperature specific heat of a YBCO sample into 
four contributions, for H = 0 and IT. The points represent experimental 
data from which three of the contributions have been subtracted to 
illustrate the accuracy of the determination of the fourth contribution-­
that associated with eu2+ magnetic moments. 

Fig. 5. Specific heat of polycrystalline YBCO near Tc. aC=C(obs)-C(fit) 
where C(fit) is the sum of a term proportional to temperature and a 
harmonic lattice contribution. The curves represent the sum of BCS 
and 3-D Gaussian fluctuation contributions. 

Fig. 6. Specific-heat data for YBCO near T c' with several constructions used to 
determine a C(T J as described in the text. 

Fig. 7. C/T vs T2 for a polycrystalline sample of a mixture of Tl-2212+ Tl-2223 
phases for T;:!;10Kand H=O and IT. The straight line represents the T 
and ~ terms of the least-squares fit to the zero-field data. (Fisher et 
al.13) 

Fig. 8. C/T vs T2 for Tl-2223 single crystal and polycrystalline samples. The 
curve represents the best fit of the single crystal data in the range 
3.~T;:!; llK--see text for details. The inset shows C/~ vs T for the 
single crystal with the same fit. (Urbach et al. 1~. 

Fig. 9. C/T vs T2 for Tl-2201 and Tl-2212 polycrystalline samples for T;:!; 10K. 
The inset shows the same data for the Tl-2212 sample for T;:!;25K. 
(Junod et al.12) 

Fig. 10. C/T vs T in the vicinity of T c for polycrystalline samples of YBCO, Bi-
2212, Bi-2223, Tl-2212 and Tl-2223. The data for the Bi-2223 and·Y-
123 are shifted by 0.005 Jjg-a~K2 upwards and downwards, respectively. 



Fig. 11. 

Fig. 12. 

Fig. 13. 

Fig. 14. 

Fig. 15. 

Fig. 16. 

'1:1 

The higher Tc for the Bi-2212 sample resulted after it was heat treated 
in an argon atmosphere. (Wohlleben et a1.23) 

C/T vs T for a polycrystalline sample of a mixture of TI-2212+TI-2223 
phases in the region of T c for H = 0 and IT. (Fisher et al. 13) . 

Comparison of the effects of magnetic field on the specific heat derived 
from magnetization measurements for PQlycrystalline TI-2223 (solid 
circles), and from direct measurements 13 for a mixed phase 
polycrystalline sample of TI-2212+TI-2223 (dashed curve). (Gohng and 
Finnemore~ 

The electronic specific heat of TI-2122 (TI=2.1). The solid curve is a 
result of a least-squares fit-see text for details. (Atake et a1.21) 

a: Specific-heat anomaly for TI-2212 after subtraction of a background 
polynominal. The curved line represents a fit made up of a mean-field 
BCS contribution and 2-D Gaussian fluctuations (the triangular ramp is 
the mean-field contribution). b: A similar analysis was made for n-
2223, however, with a crossover to critical fluctuations in a region near 
to Tc. (E. Braun et al.16 and Wohlleben et al.23) 

C vs T data for TI-2223. The inset shows C/T vs T near Tc. 
(Bandyopadhyay et al.19) 

AC/T for (Y1_x~)Sr2Cu2(J1o.sPb05)07 where AC, the value of C 
relative to that for a reference sample, was measured using a 
differential calorimeter. The labels show 100x. (Loram et a1.26) 



~ 
('-.. 

"'-.. 
Q,) 

u 

5 

4 

3 

2 

1 

Strong Coupling 
2~ =6.0kT ----

0 c 

Weak Coupling 
2A =3.53kT 

0 c 

C /!'T en 

' , 

I 
I 

I 

I 

I 
I 

I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I ~C(T )/if =4.13 
I c c 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 

I I 
I 

I 

~C(T ) /'rT = 1. 43 c c 

l l 
T 

c 

/ 
/ 

~.LO __ -L~~;L.:--~---0~.8--~--~1~.2~~--71.6 

T/Tc 

XBL 923-285 

FIG. 1 

28 



29 

2.0 

0.04 I 

YBa2Cu307 

..... 
1.5 <:30.02 ~ -N ·, 

~ ·· ....... ······ . 
Q,) 

I 0 0 
E 0 5 

......... T (K) 
-:> - 1.0 
t-
......... 
u 

1.37 

..... 
...... 
u .. 

0.5 ...... 
1.35 

FIG. 2 



30 

0.1 8 .......------r-------r-----r-------r---~ 

0.15 BSCCO 

-v 
~ 
• 

0.12 -0 
I 
~ 

........... 
J 0.09 TBCCO 
E -

rt) 

I-
~0.06 
u 

0.03 LCO 

YBCO 
0 

2 5 10 20 50 100 

T ( K) 
XBL 885·18188 

FIG. 3 



31 

15j~-----r----~----~~---

YBa2Cu3 0 7 

-(\J Cm(O) 
710 
Q) -0 
E 

.......... 
J 

E Ce(7T) -
r 
.......... 5 

Ce(O) 
u 

Ch(7T) 
Cm(7T) 
0 

0 

5 10 

XBL 904-1224 

FIG. 4 



32 

100 

-"' ~ • 
Q) 

0 
E 

....... 
50 -., 

E -1-
....... 
u 
<J 

XBL 896-2282 

FIG. 5 



1.41 

C\J~ 1.39 
~ 
• 
Q) 

0 1.37 
E 

"--­
J ......_,. 

1:::: 1 35" 
0 

1.33 

YBa 2Cu 30 7 

1-- --..::::-.-
--~--~ 

/' 
/' 

- - - Geometric 
---Harmonic Lattice 
--- Gaussian Fit 

/' 
/" , 

1·31 ' ..c a's Sa g'o 9
1
2 94 1 

T (K) 
XBL 901-63 

FIG. 6 

w 
w 



0 
(X) 

0 
L() 

0 
C\J 

+ 

+ 

+ 

0 
0) 

+ 

+ 

+ 

+ 

+ 
+ 
+ 

+ 
+ 
+ 
+ 

0 
<.0 

0 
0 
0 

( z>i. a1ow;rw) 1.1~ 

0 
II t-

J:,.._ 

0 + 

0 
r() 

0 
(X) 

o_ 
<.ON 

~ 

0 
~ 

0 
C\J 

-C\J 
..... 

34 



360 

N' 280L 
~ I 

r-
Q) I -0 
E 200 
--"""") 

E -1- 120 --(.) 

40.0 

M 

4.50 

3.90 

5 3.30 

2.70 

2.10 

J 

1 

1.50 

Single Crystal 

7.50 13.5 

T (K) • 

• 

• 
• 

• 
• 

• 

• • ""' Polycrystalline • 

22 67 202 

XBL 923-288 

FIG. 8 

35 



0 
1..0 

--------~--------~---------L------~0 
0 
N - 0 0 -

36 



37 

0.13 

0.12 
,--. 

C\1 
I 
~ -I 
4-J 
ro 

0. 1 1 (J) 

) 
L....-1 

r-
.......... 
u 0.10 

80 100 120 140 
T [K] 

XBL 923-287 

FIG. 10 



-

I . 15 ,----..,.----r---....,..--....,..---r---.....,....-----r---_, 

o H = 0 
+ 7 T 

N~ I .14 
• 
Q) 

0 
E 
' J -
..... 0 1.13 

T1BaCaC~05.5 
I 

0.1% 

I. I 2 ......__..._ _ _.__ _ __.__ _ ___._ _ __._ _ _.... _ ____.. _ ___, 

38 

85 95 105 
T (K) 

115 125 

XBL 923-294 

FIG. 11 



40 

-~ 
~ 
...., 20 
E -
:X: 

u 
I 

0 
u 

0 

Applied Field 

-+- ST 
--- 7 T 

- / 
/ 

I 
I 

/ 

I 
I 

I 

..,---- ........ 
/ .............. 

/ ' 
/ ' 

I ', 

I ' 
\. 

90 100 110 
Temperature ( K) 

\. 
\ 

\ 
\. 

\. 

' ' 

39 

120 

XBL 923-289 

FIG. 12 



....-
~ 
Cl) -0 
E 
' ...., 
_, 

Q.. 
(.) 

<l 

7~----~----~------~----~ 

6 

5 

4 

3 

90 100 
T {K) 

110 120 

XBL 923-293 

FIG. 13 

40 



,....., -I 
~ -I 
GJ ,.... 
0 
e 
J ......., 

u 
~ 

,....., -I 
~ -I 
GJ ,.... 
0 e 

J ......., 

u 
~ 

4------------------~--~--------------~ 

3 

2 

1 

, •.• 
• ••• 
' • .. 

o~--~----------~--~._----~--------~ 
80 100 120 140 

T [K] 

s~--~--~~--~--~----,---~----~--~ 

4 

3 

80 100 120 140 
T (K] 

XBL 923-290 

FIG. 14 

41 



-::.::: 260 
w 
....J 
0 
~ ...... 
~ -
~ 
w 
:I: 
a.: 220 
(/) 

200 

90 

/" 
• 

• ,. , 

,.. ~-----.-.--------------~ . - . 
// ;2.22 

/ ~2.11 
..... 
(.) 

I 
I , 

l 

I 

• . ""'-, .. . ...,. ... , .. 

XBL 923-291 

FIG. 15 

42 



-N 
~ -0 

0' ........ 
~ -1-
~ 
Q) 
(.) 

<l 

100 

. 

.... . ... ... 

... 80 
: 

90 .. 

.. ... 

... 

... .·· .• 

. ... ... 
,• -· 

76. 
l.:ft!e, . .. .... ~ . . . . .. 

..• · 70 .. ... ,.. .. , . 
.::• ··. : ·. . .. . .. .. .. . ... :.-' .._ . ~. · . 

~=~··· ' .. · . ...::,.: ·. .. ·~ ·. ·-' "· . .. . ..-··:.. .::: ... ·· 60 .. ·· ... \'1 • .... 
··~,.. . .... •. ·. ' -. ·-···: .. ·.,-. .......... -... ··... ...... ··'. ·., 

. · 
.: .. :·· ., ,_ ' -...... :-:. '· .:::·.··: .. ··, ... ......___ ............. ..... . .,...:..;_ ___ 

• •••• ·:. ... J , ••••• :•·· ............. ~ ., • 

.. 
"" .... ~~·· .... .... . .. ..· . . ·~=.,,~· .··· .... . ·:,,..r ., ..... .. .:::"-· . 

T(K) 
XBL 923-292 

FIG. 16 

43 



~~ '--""&-,~ <~P;.:::_t "OO"i,: 

LA~NCEBERKELEYLABORATORY 

UNIVERSITY OF CALIFORNIA 
TECHNICAL INFORMATION DEPARTMENT 

. BERKELEY, CALIFORNIA 94720 
·' 

·~;-=~~~- ~~ ~-

·\.c-_.·,. 

·""··· 

! 


