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ABSTRACT

A brief review of recent thermodynamic studies of the high-T, oxide superconductors is
presented, focusing attention on heat capacity below room temperature. An historical survey
shows that calorimetric measurements have played an important role in research into the
properties of superconductors and the mechanism of the superconducting phase transition.
Immediately after the pioneering work on La—Ba—Cu-O by Bednorz and Miiller (Z. Phys. B,
64 (1986) 189) and the subsequent discovery of superconductivity above 90 K in
YBa,Cu;0,_s much effort has been devoted to the observation of the heat capacity
anomaly due to the superconducting phase transition, which should give decisive evidence of
bulk superconductivity. The precisely measured curves of the heat capacities can be analyzed,
also in order to clarify the mechanism of superconductivity. More recent studies on high
quality samples and on newly found compounds have provided further information.

INTRODUCTION

Immediately after the discovery of superconductivity in La-Ba-Cu-O by
Bednorz and Miiller [1], much effort has been devoted to answering the
fundamental question whether the properties are of intrinsic bulk supercon-
ductivity or interfacial phenomena. It is well known that the disappearance
of electrical resistivity [1], and even the observation of Meissner expulsion of
the magnetic flux, can result not from the bulk but from minor supercon-
ducting phases which exist as interfacial grain-boundary portions throughout
the sample. The question must thus be answered by measuring the heat
capacity, which should show an anomaly at the superconducting phase
transition for bulk superconductivity. Some attempts [2—6] have failed to
detect the heat capacity anomaly because of rather low precision in the
measurements and /or poor quality of the samples in an early stage of this
field of research, and misconceptions have arisen that a new mechanism
might be responsible for high-T, superconductivity. At the same time,
however, heat capacity anomalies due to superconducting phase transitions
have been observed for the ceramics of La—M—-Cu-O (where M = Ca, Ba or
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Fig. 1. Schematic variation of the heat capacity of a conventional superconductor at low
temperatures.

Sr) in several laboratories [7-14]. For the subsequent compound
YBa,Cu,0, ; with a higher T, (above 90 K), which was discovered in
February 1987 [15-17], bulk superconductivity has also been confirmed by
measuring heat capacity anomalies [18,19].

Further important information can be deduced from the heat capacity
data, which is recognized on the basis of BCS theory applied to a conven-
tional superconductor, as shown in Fig. 1. In the normal state above T, the
electronic heat capacity is given as C,, = im°D(ep)k*T=yT (D is the
electronic density of states at the Fermi level e and vy is the electronic heat
capacity coefficient), and the lattice heat capacity is approximately repre-
sented as C,=3R4n*T3/503 = aT? in the low temperature region (7 <
©p/20; Op is the characteristic Debye temperature). As the total heat
capacity is C=yT + aT”>, a graph of C/T versus T? should be a straight
line of gradient & and extrapolation of T — 0 should give an intercept value
of y. In the superconducting phase, an energy gap exists at the Fermi level
and the electronic heat capacity has exponential dependence on the tempera-
ture. Thus the curve of C/T versus T? becomes zero for T — 0. As the
temperature increases, however, the energy gap decreases and disappears at
the superconducting phase transition, which is of second-order type associ-
ated with a jump in the heat capacity value. The heat capacity jump at the
superconducting phase transition is related to the electronic heat capacity
coefficient as AC = 1.43yT_ in the weak coupling limit of BCS theory.

As such important information is expected to be obtained by thermody-
namic investigation, increasing attention has been paid to heat capacity
measurements of the high-7_ oxide superconductors. However, there have
been few reliable data published so far. A comparison made in December
1987 [20] is shown by way of example in Fig. 2, where some heat capacity
data of YBa,Cu,0,_; are given together. As seen clearly in Fig. 2, the data



283

250
25 I YBasCuz0v—5
200 / ..
175 |
<
é 150 r g « Ramuirez (6=0 00)
S s - Debye fit
LA £/ o » Junod
20 / J,ﬂ" o Wohlleben
Z 100 o e x Reeves
o =~ « Miltenburg
75 " o Inderhees
N « Tanaka
50 r - o Nevitt
25
00
0 50 100 150 200 250 300 350 400
T (K)

Fig. 2. Comparison of the heat capacities of YBa,Cu;0,_; measured by different investiga-
tors [20].

differ widely. It must be noted that careful review is necessary before using
heat capacity data in detailed analysis.

In this article, the questions which are expected to be solved by measuring
heat capacities will be described for the high-7; oxide superconductors, and
some representative reports will be presented. More recent studies will be
also given concerning high precision measurements on high quality samples
and on newly found compounds. A complete survey cannot be possible at
this stage, and it is to be regretted that only those references which are
known to the author will be cited.

QUESTIONS EXPECTED TO BE SOLVED

The questions which are expected to be solved by measuring the heat
capacities of high-T, superconductors are as follows.

(1) Heat capacity anomaly at 7_: bulk superconductivity has been con-
firmed by detecting an anomaly in the heat capacity curve. However,
questions still remain as to clarification of the mechanism of the supercon-
ductivity. How large is the anomaly? Is the shape of the anomaly of typical
second-order type as expected from BCS theory?

(2) Heat capacity curve in the lowest temperature region: this is the linear
term problem, which gives a finite intercept value in the graph of C,/T
versus T2 for T — 0 (see Fig. 1). Is that intrinsic to the superconducting
state? Is it possible to explain the origin in terms of resonating-valence-bond
theory or a tunneling model of a two-level system?
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(3) Effects of magnetic elements: superconductivity is scarcely affected by
substitution of rare earth elements for Y in YBa,Cu;0,_;, even those with
magnetic spins. In the case of some rare earth elements with magnetic spins,
long range magnetic ordering is expected to show a heat capacity anomaly in
the superconducting state at low temperatures. Schottky type anomalies are
also probable, owing to crystal electric field splitting of the 4f electron
energy levels.

(4) Fluctuation phenomena: high resolution heat capacity measurements
at the superconducting phase transition enable us to see details of the shape
of the anomaly, which would be due to fluctuation phenomena as a
deviation from the BCS-type anomaly.

(5) Thermodynamic functions: valuable chemical thermodynamic func-
tions such as heat capacity, enthalpy, entropy and Gibbs energy should be
established by precise calorimetry for a wide temperature region (from
liquid helium temperatures up to room temperature). The heat capacity
value itself is also useful for studying electronic states, the lattice vibration
spectrum, and so on.

(6) Effects of oxygen deficiency: a remarkable feature of high-7; oxide
superconductors is nonstoichiometry in the compounds, i.e. oxygen de-
ficiency is counterbalanced mainly by a change in valence of copper atoms
(1 or 2). The intrinsic properties of the superconductors are substantially
influenced by oxygen deficiency. In the case of YBa,Cu;0,_g, the T, value
decreases as & increases and an intermediate phase (the so-called ortho-
rhombic II phase) may exist for § = 0.4 with T, = 60 K. Further deduction
of oxygen atoms leads to the tetragonal phase for 8 =1, which is a
semiconductor.

(7) Heat capacities under magnetic fields: heat capacity measurements
under various magnetic fields provide detailed information about the split-
ting of the energy levels of magnetic ions. The heat capacities can be
analyzed by separating the magnetic and crystal field contributions from the
electronic and lattice vibrational terms.

HEAT CAPACITY ANOMALIES AT T,

At an early stage in the research into high-7; superconductors, emphasis
was put on detection of the heat capacity anomaly due to the superconduct-
ing phase transition at 7;, which must be the definitive evidence for bulk
superconductivity [7-14,18,19]. Extensive studies have been reported along
this line [21-30]. Theoretical attempts [31-34] have also been made to
estimate the upper limit on the heat capacity jump and other thermody-
namic properties concerning the mechanism of superconductivity, which
might be considerably distant from those predicted by BCS theory which is
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Fig. 3. Heat capacity anomalies due to the superconducting phase transition of YBa,Cu30;_;
prepared by various techniques [35].
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applicable to conventional superconductors. The resonating-valence-bond
picture predicts only a cusp in the heat capacity curve without a jump at 7.

The value of the heat capacity jump at 7, is the most reliable quantitative
indication of the quality of the ceramic sample, because it is directly
proportional to the amount of the superconducting portion in the sample.
The proportionality constant is as yet unknown, however, as parameters
such as the Sommerfeld constant and the coupling strength have not been
available independently. Optimization of the heat capacity jump at T, has
been studied systematically for a number of polycrystalline samples of
YBa,Cu;0,_; by Junod et al. [35]. Various preparation techniques were
tested. Their heat capacity data are shown in Fig. 3. A correlation was
established between the magnetic susceptibility of the normal state and the
heat capacity jump at 7. For a better sample, a larger jump is observed, and
the largest jump is reported as AC/T, =57 mJ K~2 mol~'. The effect of
doping with iron has also been studied in detail for superconductivity in
YBa,(Cu, _,Fe,);0;_; [36].

Somewhat strange or rather funny data [37,38] have been reported for
YBa,Cu,0,_; samples which show two anomalies associated with double
peaks in the heat capacity around T,. A hysteretic phase change has been
observed between 160 K and 70 K during cooling and between 170 K and
260 K during warming [39]. Glasslike dynamic behavior has also been
reported [40].

A striking aspect is that substitution of other rare earth elements for Y in
YBa,Cu,;0,_; scarcely influences superconductivity in MBa,Cu;0,_; (M
are rare earth elements) [41,42]. Some reliable data for the heat capacities of
such substituted compounds have been obtained by using a high precision
adiabatic calorimeter [10,43-46]. The heat capacities of DyBa ,Cu;0,_; [44]
are shown in Fig. 4. A comparison of the heat capacity anomalies are given
for M = Dy, Er or Tm in Fig. 5 [47). The critical temperatures and the heat
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Fig. 4. Heat capacities of YBa,Cu 0, _; measured using a high precision adiabatic calorime-
ter [44].
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Fig. 5. Heat capacity anomalies due to the superconducting phase transitions of
MBa ,Cu;0,_; [47]. M =Dy (@), Er (©) or Tm (a).

capacity jumps of the superconducting phase transitions have been de-
termined from the data, and are given in Table 1. The compound where
M =Dy has the highest 7, value, while its heat capacity jump is the
smallest. Thus a compound substituted by a heavier rare earth element
shows a larger heat capacity jump at a lower 7, value. The shape of the
anomaly for M = Dy is, however, very clear and sharp compared with those
of the other elements. To clarify this, further systematic investigations are
required for well-synthesized samples of a series of compounds substituted
by other rare earth elements.

Some studies have been carried out for oxide superconductors with T
below 40 K [48,49], and also in comparison with the higher T, components
[50]. More recently, new types of compounds, Bi-type and Tl-type, have
been discovered, and soon thereafter the heat capacity measurements were
made [51-56]. Although bulk superconductivity has been confirmed by
detecting heat capacity anomalies [51,52,55,56], detailed analyses are impos-
sible as yet because of the poor quality of the samples, which should not be
expected to exhibit their intrinsic properties. Such studies are still in pro-
gress for the new compounds [56].

TABLE 1

Heat capacity jump at the superconducting phase transition 7, of MBa,Cu;0,_5 (M =Dy,
Er or Tm)

M T, (K) AC, /T, (mJ K2 mol™})
Dy 92.5 42
Fr 91.2 50

Tm 90.9 56
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HEAT CAPACITY CURVES IN THE LOWEST TEMPERATURE REGION

The so-called linear term problem was pointed out at the initial stage of
this series of investigations [2,3,6,7], and has been studied extensively in
comparison with other properties such as the heat capacity jump at T,
[24,29,30,50]. The linear term yT would originate from the normal state
portion which might exist together with the superconducting portion below
T. in the sample (see Fig. 1). Paramagnetic impurities can also cause an
extraneous contribution to the heat capacity at the lowest temperatures. In
such cases, therefore, the contribution of linear term should be less for a
better superconducting sample. Some reports have been published on this
problem for La-M-Cu-O (M = Ba or Sr) [48,49,57-59], and the Fermi-
liquid-type excitations [48] or the resonating-valence-bond picture [59] were
suggested.

For YBa,Cu,0,_;, which is inherently non-magnetic, a number of efforts
have been made to obtain the heat capacity curves in detail in the lowest
temperature region [24,29,30,60-69]. The heat capacities of several samples
obtained by Eckert et al. [69] are shown in Fig. 6, where the unusual sample
dependent linear term and the upturn in C,/T for T — 0 are clearly seen.
They also performed heat capacity measurements on YBa;Cu,O,,
Y,BaCuO;, CuO and BaCuO, ,, which might exist as impurities in the
superconductors. It has been concluded that the anomalous heat capacity is
due at least partly to the presence of BaCuO,,, as an impurity in the
samples. However, the fact that the remaining linear term should be of the
intrinsic properties of the superconductors cannot be ruled out. The two-level
tunneling model systems are also suggested for the origin of the linear term,
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Fig. 6. Heat capacities in the lowest temperature region. The samples of YBa ;Cu;0,_; have
been prepared by various techniques [35,69].
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as expected in a glassy state [70]. To observe the thermodynamic properties
in more detail, some doped samples YBa,(Cu, _ Fe, ),0,_; have also been
studied [36,71].

The newly found compounds, Bi-type and Tl-type, have provided a good
opportunity to clarify this problem by comparison with the compounds of
Y -Ba—Cu-0. In contrast to the previous high-7, compounds, no apprecia-
ble linear term has been reported for the new compounds [52,72-74], and
some attempts have been made to analyze the thermodynamic properties on
the basis of BCS theory.

EFFECTS OF MAGNETIC ELEMENTS

A remarkable feature of high-T, oxide superconductors is the fact that the
superconductivity is little affected by the existence of magnetic elements
substituted for Y in the compounds MBa,Cu;0,_; (where M = magnetic
rare earth elements). Such behavior is unusual in the conventional supercon-
ductors where a magnetic element is a “dangerous” impurity. Extensive
studies therefore have been carried out to characterize the relevant magnetic
interaction in the compounds [50,75-89]. The magnetic ordering has been
observed as a sharp anomaly in the heat capacity curve in the lowest
temperature region. It has been reported that the ordering temperature
varies according to the de Gennes factor, implying that the spin-spin
interaction is dominant [81], and the heat capacity anomaly can be repre-
sented on the basis of 2-dimensional Ising model [84,85]. A result reported
by Simizu et al. [85] is shown in Fig. 7. It has been pointed out by Lee et al.
[86], however, that a successful explanation involving the de Gennes factor
may be a fortuitous consequence of the effect of reduced degeneracy of the

Cimag (J7K mot)

T (K)

Fig. 7. Magnetic contribution to the heat capacities of ErBa,Cu,0,_; at low temperatures.
Triangles are the data of experiments. The solid line denotes the calculated value of the
2-dimensional Ising model with |J4/k]=0.53 K and 1-dimensional Ising model with
| Jia/k|1 =13 K [85].
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Fig. 8. Heat capacity differences, C,(DyBa,Cu;0,_;)— C,(ErBa,Cu;0;_;), due to Schottky
anomalies. The solid line is obtained by a simple two level scheme with energy gaps of 40 K
for Dy and 90 K for Er [43].

ground states of the rare earth ions, and magnetic ordering is responsible for
the dipole—dipole interaction as suggested by Dunlap et al. [79].

The magnetic rare earth elements should be expected to exhibit another
contribution to the heat capacity, i.e. the so-called Schottky anomaly caused
by the electric crystal field splitting of the 4f electron levels. Schottky
anomalies have been demonstrated for some compounds of MBa,Cu,0,_;
(M =Dy, Ho or Er) by Dunlap et al. [79]. At higher temperatures, the
effects have been analyzed on the basis of precise and reliable data by Saito
et al. [43]. Their results are shown in Fig. 8, where the heat capacity
differences between those compounds where M = Dy and M = Er are given
together with a theoretical curve obtained for a simple two-level scheme with

5t = 57K

AC (J/mole K)
w

0 5 10 15 20 25
TEMPERATURE (K)
Fig. 9. Excess heat capacities of TmBa,Cu ;0,_; obtained by subtracting the heat capacities
of YBa,Cu,0,_;. The solid line represents the calculated Schottky anomalies associated with
Tm®™* energy levels as shown in the figure [90].
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Fig. 10. Comparison of the heat capacity data obtained by Ferreira et al. [90] (small symbols)
and those obtained by Atake et al. [45,46,94] (large symbols).

energy gaps of 40 K for Dy and 90 K for Er, assuming the other contribu-
tions of lattice vibrations and electronic heat capacities to be the same. Such
extraneous heat capacity should be separated and evaluated by subtracting a
normal portion of the heat capacity, which may be assumed to be approxi-
mately that of the non-magnetic compound of YBa,Cu;0,_s. An estimation
reported by Ferreira et al. [90] is shown in Fig. 9, where a tentative
energy-level scheme is given. However, their heat capacity values were
obtained by using a semiadiabatic calorimeter. A comparison of the heat
capacity data is given for M = Tm or Ho in Fig. 10, where reliable accurate
data obtained by adiabatic calorimetry [45,46] are given together with the
data of Ferreira et al. [90], indicating large discrepancies between them.
Although extensive investigations into this phenomenon have been under-
taken [88,91-93], very few reliable data are available for heat capacities
measured in the wide temperature region from liquid helium temperature up
to room temperature [43—-47,94]. This is the reason why accurate data are so
important.

FLUCTUATION PHENOMENA

The observation of fluctuation effects has been predicted in the heat
capacity curve at T, of a well-synthesized sample of YBa,Cu,0,_; because
of the short coherent length, according to Ginzburg—Landau theory. Such
bulk Gaussian fluctuations were first observed by Inderhees et al. [95] and
Muzikar [96], as shown in Fig. 11. Some deviation from BCS-type anomaly
can be seen, which is of a typical second-order phase transition with a heat
capacity jump at 7,. The curve was fitted on the basis of 3-dimensional
Gaussian fluctuations, and the number of order-parameter components is
estimated as 7 + 2 from the amplitudes. Such studies have been extended to
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Fig. 11, Excess heat capacities due to the superconducting phase transition of YBa,Cu 0, _;.
~— — —, BCS-type contribution; , sumn of the BCS-type part and the 3-dimensional
Gaussian fluctuation contribution; -—--- the best fit for the 2-dimensional contribution
(different background included) [95).

measurements under magnetic fields [97,98]. Some theoretical studies have
been made [99-103]. Experimentally, fluctuation phenomena have been
observed also in electrical conductivity, magnetic susceptibility and thermo-
power, and studied in detail.

For the Bi-type compound, fluctuation effects have been observed by
Okazaki et al. [104]. The heat capacity curve was analyzed in detail, and the
2-dimensionality was pointed out for the fluctuation effect, with a coherent
length of 13 A in the plane.

THERMODYNAMIC FUNCTIONS

Heat capacity itself is a useful value in the study of thermodynamic
properties. The standard thermodynamic functions such as enthalpy, ent-
ropy and Gibbs energy can be obtained by intergrating some values derived
from the heat capacities, which thus should be measured accurately for a
wide temperature region from liquid helium temperatures up to room
temperature. However, only a few reports have been accompanied by data
for absolute values of the heat capacities of high-7. oxide superconductors
[45-47,56].

Further information is deduced from heat capacities, for example con-
cerning phonon density of states in the solids [13], hopefully in comparison
with the calculated values obtained on the basis of lattice dynamics [105—
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107]. The excess heat capacities due to the superconducting phase transition
must be estimated by subtracting the normal portion [108]. Recently, an
attempt has been reported for such kinds of study by Gordon et al. [109],
who have also pointed out the appearance of fluctuation effects. Experimen-
tal and theoretical supports are strongly required to develop the investiga-
tions [110-120].

The oxygen deficiency effect is also a very interesting aspect of high-T.
oxide superconductors. The heat capacities have been studied in order to
observe such phenomena of nonstoichiometry [29,61,66,67]. Critical evidence
of superconducting phase transition has been provided for a sample of the
orthorhombic II phase of YBa,Cu;O4¢ with T, = 60 K by detecting a heat
capacity anomaly using a high-precision adiabatic calorimeter [121].

HEAT CAPACITIES UNDER MAGNETIC FIELDS

It is also fruitful to measure heat capacities under various external fields:
high pressures, magnetic fields, and so on. Some studies have been carried
out in order to observe the effects of magnetic fields [67,97,98,122—-126]. At
low temperatures, the linear term problem has been studied under magnetic
fields, which exert little influence on the La-M-Cu-O series of compounds
with T, below 40 K, and the applicability of the resonating-valence-bond
model has been inspected [67,122]. In the case of compounds of the
YBa ,Cu;0,_; group, the heat capacities under various magnetic fields have
been analyzed to obtain the crystal field contributions and to estimate the
values of g/ [122-124]. The critical exponents of the heat capacity anomaly
at T, have been studied under magnetic fields [97,98,125]. Recently, the
studies have been extended also to the Bi-type compound [126].

CONCLUDING REMARKS

More recently, thermodynamic studies have been extended to newly
found compounds such as Kg,Ba,¢BiO; [127] and MBa,Cu,O; (where
M = rare earth elements) [128]. Much information is expected to be deduced
from the heat capacities, and detailed analyses can be realized only on the
basis of precise and reliable data. However, such reports have been very few
so far. Accurate measurements are strongly required for high quality sam-
ples, and this is the first step in this field of investigation.
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