Pure & Appl. Chem., Vol. 64, No. 1, pp. 27-36, 1992,
Printed in Great Britain.
© 1992 IUPAC

Thermodynamics of high-temperature
superconducting materials

Gennadij F. Voronin

Chemistry Department, Moscow State University, 119899 Moscow, USSR

Abstract — In this paper, the problem of thermodynamic stability of
new high~temperature superconductors is discussed. This problem can
only be solved with the help of thermodynamic investigations,
including experimental studies of thermodynamic properties and
calculations of equilibria, which require a considerable amount of
thermodynamic data. Now such a set of data is only available for
the phases in the Y-Ba—-Cu-O system. In this system, phase equi-
libria have been calculated and the stability regions of the super—
conducting compounds and solutions established. It has been found
that the 123, 247 and 124 superconductors are thermodynamically
unstable under application conditions. The methods of theoretical
and experimental investigations and available thermodynamic
properties of phases are briefly reviewed.

INTRODUCTION

There are two distinct areas of study in the field of the thermodynamics of super—
conductors. The first, traditionally developed by physicists, is based on ideas
concerning the phenomenon of superconductivity as a phase transition in a system of
bosons that are particles with an integer value of the spin quantum number. Of course
the mechanism of the formation of the bosons, such as the Cooper pairs of electrons or
holes in a crystal, cannot be determined within the framework of the thermodynamic
approach. However, the theory and methods of the thermodynamics of phase transitions
are completely applicable to the analysis of the conditions for the condensation of the
Bose-liquid. They permit the derivation of many useful relationships between the macro—
scopic properties of superconductors. They also allow one to test the physical pre—
requisites upon which the microscopic models of superconductivity are based.

In the second field of thermodynamic investigations, the specific physical properties
of superconductors are mot used in an explicit form at all. The methods of thermo-
dynamics are applied to them as to any other materials to predict the phase composition
and chemical stability under various conditions such as interactions with the atmo~
sphere and with other materials, om heating, and under the action of an elevated
pressure, mechanical stresses, and external force fields. The final goal is the
selection of the optimum conditions for the synthesis of a material and use its with
the minimum consumption of resources and time. Only such a chemical direction of
thermodynamic researches is considered below.

It is possible to develop the thermodynamic models of processes only when a sufficient
amount of information on the properties of the substances of interest is available.
Usually such a minimum set of data that is sufficient for the calculation of equilibria
is formed by the values of the Gibbs energies of the main phases in the system as
functions of temperature, pressure, and chemical composition. With respect to thermo-
dynamic investigations, the new high-temperature superconductors (HTSC) are complicated
materials. They exist in multicomponent systems with many phases including nonstoichio—
metric compounds and solutions. Most of the oxide HTSC are either directly the members
of the homologous series of compounds Y,Ba Cu, O BiZSrZCan_ ,Cu O

+n 13+n’ n - 2n+4’
TiBaCa CuO, ., TLBaCa_ CuO, . (¢=1, 2, ...) or derivatives obtained by the
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substitution of one cation for another. For instance, the superconductors YBaZCu3O -
Y;!Ba4Cu701 vz and YBaZCu 4O$ (0=z=1) exist in the most simple quaternary Y-Ba-Cu-O
system (these formulae are often abbreviated as 123, 247 and 124 respectively).
However, to describe the behavior of these HTSC at equilibrium, the Gibbs energies are
required not only for those phases but for all the others in this system that can be in

equilibrium with superconductors: Y203, CuO, CuZO, BaO, BaOz, YzBa04, Y 4Ba309, YZBaZO o

YBaO_, Y CuO, YCuO, BaCuO,, BaCuO,, BaCuO,, BaCuO,, BaCuO, Y BaCuO,
YBa Cu O, YBa,CuO, ., YBa CuO,,, YBaCuO . In fact, many of these phases are
nonstoichiometric with respect to oxygen. To describe high—temperature processes, such
as the growth of HTSC crystals from a melt, it is also necessary to knmow the properties
of the quaternary Y Ba CuO (l-xmy-2) liquid solution as functions of temperature and
composition. Y Y
For this reason, the thermodynamic investigations of HTSC are only at an early stage.
The set of data that are mnecessary for the calculation of equilibria and stability
region of superconductors currently is only available for the solid phases in the
Y-Ba—-Cu-O system, and there are a few fragmentary data for the other more complicated
systems with HTSC.

SUPERCONDUCTING TRANSITION

Taking into account the general thermodynamic conditions for equilibrium between normal
and superconducting phases and considering the latter as a perfect diamagnetic, it is
possible to show that the phase transition into the superconducting state will be
first—order if it occurs in an external magnetic field and second order if there is mno
such a field. In the latter case, the temperature (Tc) of the transition of a substance

from the normal (n) into the superconducting (s) state is given by the well-known
relation

T = 47:(01(, - c;”’)/[V(axc/an;], (1)
where ¢ is the heat capacity of the corresponding phase, V is the volume of the subs—
tance, and (axc /6T)p is the slope of the curve representing the temperature dependence

of the critical magnetic field strength. Another example is given by the simple and
important relation that describes the influence of the pressure (P) on the temperature
of the superconducting transition:

dlnT /dP = V(a'"- a("’)/(c;”— c;”’), (2)
where o= (aan/az)p is the coefficient of volume expansion. The derivative in (2) is
positive for the investigated HTSC. This effect can be used to increase T by several

degrees due to elastic strains in the multi-layer structures obtained by a special
technology. It is well known that this idea led to the substitution of Y for La in the
(La,Ba) CuO, ceramics and finally the discovery of a new superconductor.

However, attempts to apply these expressions to new superconducting materials may prove
unsuccessful because of the nonfulfillment of several initial prerequisites. Thus,
available experience shows that superconducting ceramic is mot obtained over the whole
volume of a sample as a perfect diamagnetic. It has not ome but two different curves
for the temperature dependence of the critical field, 3¢ 1(T), H n(T). The thermodynamic

value, o€, in such superconductors is usually defined as some kind of mean of e l(T)
and & (T), for example, as a geometric mean. Then, equations (1),(2) as well as all

the other relations for the superconducting tramsition were obtained under the condi-
tion of identical chemical compositions of the coexisting phases. With appearance of
substances having high values of Tc, a relationship taking into account the existence

of the chemical equilibrium in the phases may prove useful. For a two-component system
wfulz1 ;1 composition including x molar fraction of the component, one can obtain instead
o :
= ($)_ (m) 2 2
T=4n (cp cp ) (3T Jax) T.P/ [V (3¢ ox) T,p] . 3)
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Commonly, the equations for superconducting transition at chemical equilibria can be
complicated owing to the complex nature of the functions a@c (T, P, x).

SYNOPSIS OF EXPERIMENTAL METHODS

All the new HTSC are the open systems with respect to atmospheric oxygen. They
’breathe’ oxygen and can exist as equilibrium specimens only at somewhat large values
of oxygen chemical potential or partial pressure. For this reason, many of traditional
experimental methods are not applicable for thermodynamic study of these substances.
Thus, this is the case for the methods based on vaporization or effusion of species
into vacuum, such as high—temperature mass—spectrometry. Calorimetry faces the similar
problems since quenched and obviously nonequilibrium specimens are involved or it is
necessary to provide for conservation of oxygen content in the specimen. As a rule, the
results obtained between these extreme opportunities cannot be strictly interpreted. As
seen from Fig. 1, the specific heats of the 123 phase can differ markedly if they are
measured under different conditions.

Ce, J/mol/K
530
430+
2 Fig. 1. Specific heat of YBaCuO -
' as a function of temperature at a
fixed composition, z=0.9, (line 1)
and at 0.21 atm of equilibrium oxygen
330 - pressure, (line 2). The points
1 represent the data from refs. 1-3,
The lines are calculated according to
the equations (7)-(11).
230 +¥———————————————— T/K
200 400 800 800 1000 1200

Most of the experimental thermodynamic studies of HTSC materials concerned the sintered
ceramic specimens of the 123 phase in the Y-Ba—-Cu-O system. The gas phase equilibria
were most often used for these purposes. The specimen was annealed in controlled atmo-—
sphere, quenched and its phase and chemical composition determined. X-ray diffraction
was generally used for phase identification and chemical analyses — for determination
of oxygen content. The partial thermodynamic properties of oxygen im the 123 solid
solution and the equilibrium conditions of invariant reactions in a heterogeneous
mixture of compounds were determined in this way. An electrochemical oxygen pump was
often used to create the appropriate gas atmosphere. To change the composition of a
sample precisely, the coulometric titration and thermogravimetry were used with success
in several works (refs. 4, 5). Most of the experimental studies have been recently
reviewed (refs. 6, 7). The integral thermodynamic properties of HTSC, Gibbs energy,
enthalpy and entropy of individual compounds and solutions however, have mnot been
extensively studied. They were measured in a few studies by an electromotive force
method (emf) over the range of about 950 to 1150 K. For example, in a series of papers
(refs. 8-11), the following electrochemical cells were assembled for this purpose:

(Pt) O,| BaCuO,,CuO,BaF, | BaF, | CaO,CaF, |O, (Pt) (D)
(Pt) 0,]Y,0,,YOF|CaF, | Y,Cu O,,Cu0,YOF|O, (Pt) ()
(Pt) O, | Y,BaCuO,,Y,Cu,0,,CuO,BaF, | BaF, | Ca0,CaF, | O, (Pt) (1)

(Pt) O, | Y,BaCuO,,Y,Cu O,.Y,0, BaF, | BaF, | CaO,CaF, | O, (Pt) (IV)
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(Pt) O, | BaO,BaF, | BaF, | Ca0,CaF, | O, (Pt) (V)
(Pt) O, | BaCu,0,,Cu,0,BaF, | BaF, | CaO,CaF, | O, (Pt) (V)
(Pt)O, | YBa,Cu,0_, ,Y,BaCuO,,BaCuO, ,BaF, | BaF,

| YBa,CuO, Y BaCuO_CuO,BaF,|O, (Pt) (VII)
(Pt) O,|BaCuO,,Cu0,BaF, | BaF, | YBa,Cu,0, ,Y,BaCuO,,Cu0,BaF, | O, (Pt) (VIII)
(Pt)O,| YBa,Cu,0_, Y, BaCuO,_,CuO,BaF, |BaF,| CaO,CaF, | O, (Pt) (IX)

The electromotive force was measured on each cell at several tens of temperatures. The
measurements on cells (I), (VI), and (VIO) were made at various oxygen pressures
ranging from 0.001 to 1 atm. In the other cases, the oxygen pressure was equal to 1
atm. This study makes it possible to obtain thermodynamic functions of almost all the
major phases in the vicinity of 123 via several independent ways combining data for
different galvanic cells. For example, the Gibbs energy change a reaction
Y203+2C}uO=YZCu205 is the following:

4 G (Y,Cu0,) = -288(I) = 4F(6(IV)-¢(I)), (4)

where & is the electromotive force, & is the Faraday constant, indexes (f) and (ox)
here and below denote the formation of a compound from oxides and oxygen. The same
investigations of the Y-Ba-Cu~O system were carried out in air and om the cell
employing calcium fluoride as electrolyte (ref. 12).

A thermodynamic method for the determination of oxygen nonstoichiometry in HTSC is of
particular interest (refs. 9, 15). It allows one to find the oxygen content in non-
stoichiometric compounds or solutions during the measurements of their thermodynamic
properties. This method is based on the dependence of the emf of an electrochemical
cell on the oxygen pressure over the cell when oxygen takes part in a net electro-
chemical reaction. A formula for the calculation of nonstoichiometric index (z) is

zZ= '.':(BArGlalnP(Oz))T/RT ) (5)

where A4 G is the Gibbs emergy of the net cell reaction. Figure 2 shows the application
of this method for the Sr1 ACuMO”” compound at 1150 K based on two different cells.
The first cell is (Pt)O,|SrO,SrF,|StF,|Sr Cu O,  .CuO,SrF,|O,(Pt), and its net reac-
the second ome is (Pt)O, | SrO,SrF, | StF,

tion is 145rO+24CuO+(2/2)0,=Sr, Cu O, .
|SrCuO,,Sr, 4Cfu 0,,,,StF, |0, (Pt) with the net reaction Sr, Cu O, +10SrO=248rCu0 +

24 38+2°
(z/2) 02. As seen in Fig. 2, at oxygen pressure from 0.1 to 1 atm, the composition of

the phase under consideration remains constant, so that it has a formula Sr 11C%0,-

1101

1001

Fig. 2. Oxygen content in Sr1 4Cu240 oy At

1150 K obtained by emf measurements. For
cell 1, z=289’(aé‘/aP(02))/RT=3.03¢0.15, for

cell 2, z=-20(3&/3P (O,) ) IRT=3.06:0.08.
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Different calorimetric investigations of heat capacities of the HTSC from very low to
room temperatures are in reasonable agreement as, in particular, Fig. 1 shows (refs.
1-3). Yet the data obtained by solution calorimetry gave too large discrepancies that
were not peculiar for this method (e.g., cf. ref. 13 and ref. 14). Evidently, this was
because of the quality of the specimens studied. Unfortunately, many erroneous results
that have not withstood rechecking have been also obtained by other methods.
Frequently, poor reproducibility results from incomplete conversion of the initial
substances during the synthesis or the promounced influence of the surrounding gaseous
medium on the composition and properties of the specimen and its inmteractions with
water vapor, carbon dioxide, and the materials of crucibles and substrates.

THERMODYNAMIC DATA

Thus, the thermodynamic properties of the HTSC have been little studied. Even for the
well investigated Y-Ba-Cu-O system, the thermodynamic functions of the 124 and 247
superconductors have not been studied experimentally yet, the experimental data for the
123 phase are still incomplete and there are no data for the liquids. Moreover, the
available data often disagree and consequently cannot be used directly for the calcula—
tion of phase equilibria and solution of the practical problems related to determina~
tion of the synthesis conditions and stability of the superconductors. In such a case,
the extraction of thermodynamic information from experimental data on phase equilibria
is of particular importance as the semi—-empirical estimate of thermodynamic properties.
For example, the entropies of phases in the superconducting systems at 298 K can be
estimated by adding the following atomic contributions: Y (51.5), Ba (63.2), Cu §41.0 ,
La (60.7), Sr (48.5), O (3.2) in J/mol/K (ref. 16). Such an estimate gives for the
LaZCuO4 compound sz= 2(60.7)+41+4(3.2)=175.2, as compared with the experimental

value 178.2 J/mol/K (ref. 17).

In the Y-Ba-Cu-O system a self-consistent set of thermodynamic functions was derived
from available experimental data and phenomenological models of phases in this system
tS:-efs. 11, 18). These models were developed for all the superconducting phases and for

c BaZCusohy solid solutions. The parameters of the model for the 123 phase were

determined with the help of more than 600 experimental data points including different
thermodynamic and structural measurements. The thermodynamic functions of formation of
the 123 phase from Yzos’ BaO, CuO and oxygen at temperatures above 200 K are the

following:

4,G”(YBa,CuO, ) = 4 H”- TA S™, (6)
A_H®IR = A +4 z+2(1-2)d+ (*-x") b}-A4 H°IR, 7N
A_S”IR = B+B z+2(1-2) (a}+a)(1-2) )+ (*-2*) bi+S, -4 S°IR, (8)
S /R = - (c+x)ln(c+x)- (c-x)In(c=x) - (1-c+x) In (1-c+x)

- (1-¢=x)In (1-¢-x) -2lnz~ (1-z) In (1-z), %)

where x is the order parameter dependent on the oxygen ordering in the 123 phase (x=0
for the tetragonal phase and x=c for the completely ordered orthorhombic phase), ¢ =
z/2; R = 8.314 J/mol/K; A1= -13475 X; B= -2.543; A= -10669.8 K; B= - 10.4058; a‘l‘=

886.731 X; ai= 0.4871; a;= -1.4204; b'l‘= 1158.53 K, b’l’= -3.33514. The standard functions
A4 H° and A §° correspond to the reaction CuO/2 + O,/4 = CuO. The equilibrium values of
x, z and P(Oz) are interrelated by equations

Tin((c+x) (1-c+x)/((c=%) (1=c=x))) = 2(F-Tb)x , (10)
InP(0,) = In((c+x) (c=x) 2’/ ((1=c-x) (I-c+x) (1-2)*) )+
+2[4~TB + (d"-Td®) (1-22)-Ta! (1-2) (1-3z)+c (b}-T0) 1/T. (11)

Thermodynamic functions of the 247 solid solution are described by the same formulas
where the terms ArH" and ArS° are doubled and the parameters A . and 1?1 are replaced by
A= -39699 K and BI= -15.492. Unlike the 123 phase, the model for the BaZChJ,305*~y
(0sy=1) solid solution was obtained with the help of only two available experimental
studies (refs. 8, 19). The entropies of the end-member compounds of this solution, the



32 G. F. VORONIN

Ba,Cu, O, and Ba,CuO, were estimated at 298 K as mentioned above. The following

description of properties was derived for the temperature range 298-1300 K
4 fG"" (BaZCu 0 ,T,P(Oz))/R = 0.997-8490/K+ (11.397-12292/K) y+

3 S+y
+(11.76T-13578/K) y (1~y)+ (ylny+ (1-y) In (1-y) ) T, (12)
In(P(0,) (1-y)’h*) 12 = (1-2y) (11.76-13578/T)+11.39~12292/T. (13)

This phase has been studied recently. It is possible that the BazCusoﬂy phase was
identified with the formula BaCuO,,  in early work (refs. 8, 11). The thermodynamic
functions of the other compounds that have been used for the calculation of equilibria
in the Y-Ba-Cu-O system are summarized in Table 1.

TABLE 1. Standard thermodynamic functions of compounds
in the Y-Ba—-Cu-O system at 298<7/K=<1250.

Phase A/K B C Source
CuO -19118.1 17.1162 1.0139 ref. 20
Cﬁuzo -20772.0 12.7751 0.5930 ref. 20
BaO -65361.4 4.0115 ~1.1405 ref. 20
Yzo3 ~231435.6 46.1430 1.7960 refs. 21,22
BaCuO, -89148.5 20.8667 -0.2586 ref. 8
BaCu 0O, -91675.6 17.2576 -0.5955 ref. 9
Y,Cu O, -268318.7 79.2704 3.9798 ref. 10
YCuO2 -126058.7 29.1910 1.2065 refs. 23,10
YzBaCuos -321716.6 58.1347 0.2624 refs. 10,11
YBa Cu,O, -452402.4 88.8101 -1.1513 refs. 4,7
YBa,Cu,O, -340269.7 101.7523 1.9506 refs. 7,11

Y| fG"/R=A+BT+CT( 1-InT), AfH° /R=A+CT, 4 fS° /R=ClnT-B, Ac;/R =C.

EQUILIBRIA AND STABILITY

The final goal of the thermodynamic investigation is not the thermodynamic data but the
understanding of the behavior of a substance under various conditions. First, such
understanding appears because of the calculation of equilibria for various chemical
reactions and phase transitions. With the help of these data phase equilibria in the
Y-Ba-Cu-O system were calculated. Some phase boundaries calculated by a constrained
free emergy minimization are shown in Fig. 3. As can be seen, there is a variety of
phase fields, most of them have not been detected experimentally yet. This is due, on
the one hand, to lack of sufficient experiments, and on the other, to the occurrence of
metastable equilibria, which often exist in practice inhibiting the recognition of the
true thermodynamically stable phase composition.

The phase equilibria and the stability range of the 123 solid solution are plotted on
temperature versus composition axes in Fig. 4. The thin solid lines in Fig. 4 represent
temperature dependence of equilibrium composition at fixed oxygem pressure; short
dashed lines represent the equilibria of the orthorhombic and tetragonal phases, while
bold solid lines 1, 2, and 3 represent decomposition according to reactions:

9YBa2Cu306+z= YBa 4Cu308‘ s+ 4Y BaCuO ot 10BaCu202+ (5.5+9z)/202,

6YBa,CuO, = 2Y BaCuO  + Y,BaCuO + 3BaCuO,+ (4z—3)/202, and

7 14+z

6YBaZCu3O6+z= Y,BaCuO + 2Y BaCuO + 3Ba2Cu305+y+ (5z-3y-3) /202 respectively.
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Fig. 3. Phase relationships for the YO ~BaO-CuO/Cu O system at 1100 K and the

following oxygen pressures: 107 (a), 107 (b), 0.2 (), 1 (d), 2 (&), 5 (f), 10
(g) and 15 atm (h). The phases are demoted as fol(.lows: Yz&.lzo5 (202), YCuO,
(101), BaCuO, (011), BaCuO, (012), Ba2Cu305+y (023), Y BaCuO, (211),

YBa,Cu,0,, (143), YBa,Cu O, (123), Y,Ba,CuO,, ~(247) and YBa,Cu,0, (124).

The 123 phase is thermodynamically stable only in the cross—hatched field limited by
the bold lines, which correspond to the equilibria of 4 solid phases and an oxygen gas.
At temperature and composition outside this field, 123 is thermodynamically unstable
with respect to decomposition into the other substances according to the reactions
mentioned above. When the nucleation and/or growth of phases with cation stoichiometry
other than 1:2:3 is kinetically suppressed, the 123 phase can exist for a long time as
a metastable phase. In such a case, the metastable equilibria between the orthorhombic
and tetragonal phases represented by the short dashed lines in Fig. 4 take place.

The stability diagrams of the superconducting phases that have been synthesized in the
Y-Ba-Cu-O system are sugerimposed in Fig. 5, where bold solid lines represent the
decomposition of the 123 phase according to reactions 1,2 and 3 mentioned in Fig. 4,
while thin solids lines 4 and 5 represent decomposition of the 247 phase according to
the reactions: 5Y Ba Cu O = 6YBaCuO+2Y BaCuO 5+3Ba20u305+y+ (52-3y-3)/20,, and

7 l4+z

Y. Ba Cu O, 4+z=2YBaZCu306+z+CuO+(1—z)/202 respectively. Long dashed line 6 imn Fig. §

represents decomposition of the 124 according to the reaction 2YBaCu 408=Cu0+
Y,Ba Cu O, 4+z+(1—z) /20,. There are also arrows showing the stability range of each
phase. The equilibrium between 123 and 124 associated with the reaction YBaZCu 403=

YBa20u30 6+z+Cu0+(1—z) /202 is a metastable one, therefore, it is not shown in Fig. §S.
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Fig. 4. Stability field of the 123 Fig. 5. Stability fields of the super-
phase in the Y-Ba-Cu-O system. conducting phases in the Y-Ba-Cu-O
system.

Decomposition of the 124 phase according to the reaction 4YBaZCu 403=2Y2BaCu05+SCuO+
3Ba2Cu305*y+ (2-3y)/20, occurs at temperatures too low to be shown in Fig. 5. For

instance, this equilibrium is established at 536 K and 1 atm of oxygen pressure. It is
important that not only the 123 and 247 superconductors but also 124 loses its thermo-
dynamic stability upon cooling. Phase boundaries corresponding to different decomposi-
tion reactions are often close to one another. Owing to the experimental uncertainties
in the values of the thermodynamic properties of the phases used for the calculations,
it is sometimes hard to suggest which of these boundaries is stable and which is meta—
stable, alithough, as a rule, the location and dimensions of the stability field remain
practically unchanged.

DISCUSSION

The problem of the thermodynamic stability of any new material is important and attrac—
tive. Especially it, can be attributed to the stability of the superconductors, since
in the theory of superconductivity, the idea exists that any superconductor is a
thermodynamically unstable system (ref. 24). This conclusion had been made well before
the discovery of modern HTSC. It was based on the well-known theory of the super-
conductivity developed by Bardeen, Cooper, and Schrieffer, and on its generalization.
According to this theory, the superconducting transition temperature depends on the
Debye temperature of a crystal () according to the expression

T = 0.2560exp (-1/1), (14)

where the parameter A also depends on ¢, decreasing rapidly (approximately as the
square of @) with increase of the characteristic frequency of a crystal lattice.
Therefore, the high values of Tc were attributed to low frequencies in the crystal

lattice vibrational spectrum. From the point of view of thermodynamics, this means the
loss of the stability for the phase of interest with respect to the other virtual
states of the substance. It was supposed that the superconductors with high Tc had a

tendency to transform into the crystal with lower symmetry. In fact, they deal only
with mechanical and thermal stability of a crystal. But, as we know, the main problem
is its chemical stability, that is the stability with regard to chemical reactions and
decomposition on the new phases.
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It is the chemical opinion on the stability of the new superconductors (ref. 25). In
this approach they are regarded -as mixed valent compounds. For example, they have
copper in three different valency states. The tendency to disproportionate copper with
valency +2 into two states with valency +1 and 43 can lead to superconductivity and,
simultaneously, to decomposition of the primary superconducting phase into two mnon-
superconducting phases. Evidently, these conclusions about the absence of thermodynamic
stability cannot be regarded as rigorous. They look like the interesting hypotheses but
not as rigorous approaches to this problem. This question can only be solved with the
help of direct thermodynamic investigations.

As far as practice is concerned, materials in different states of thermodynamic
equilibrium exist and moreover, they are used. For example, most .semlconductor dev1qes
such as tramsistors or multi-layer structures are in thermodynamically unstable, labile
states. Of course, at low rates of relaxation, a system can exist in a such state for
a very long time, but, in principle, this time is limited. On the contrary, metastable
equilibrium can exist for any time, since there is a local minimum of its thermodynamic
potential with respect to the internal thermodynamic variables. In fact, this minimum
can be deep enough, so that the difference between metastable and stable equilibria can
hardly be distinguished. A diamond is an example of a metastable state. On the other
hand, a metastable state is close to unstable ome if this minimum is flat. That is to
say the ’verdict’ passed on the thermodynamics of unstable material has, as is known in
the light of various kinetic prohibitions, no definite time of application, but the
duration of its effect is eternity, and this must be taken into account in selecting
the conditions for use of articles of such material. It is worth noting, that the
thermodynamics alone cannot predict whether the thermodynamically unstable or meta-
stable material actually decomposes or not. Yet, if a material of interest is stable,
then thermodynamics will guarantee that process of decomposition cannot occur under any
circumstances. It is ssible to describe the stability of equilibria quantitatively,
but this requires a lot of additional thermodynamic data.

As it was shown previously, direct thermodynamic investigation of stability was
performed for the superconductors in the Y-Ba-Cu-O system. The superconducting ortho-
rhombic 123 phase is thermodynamically unstable at any temperature and composition (see
Fig. 4). That is why a two—-stage method is generally used to obtain it in a metastable
state. At first, the tetragomal phase is synthesized at 900 to 960°C and at the oxygen
pressure of 0.2 to 1 atm, which corresponds to the region of its stability, shown in
Fig. 5. Then, the preparation of the superconducting orthorhombic structure and its
annealing to increase the oxygen content are carried out under 1 atm of oxygen pressure
at lower temperatures according to the metastable equilibria of the orthorhombic and
tetragonal phases (see the short dashed lines and 1 atm isobar in Fig. 4). It is worth
noting that the 123 phase cannot decompose into Y BaCuO,, BaCuO,, CuO and oxygen,

although this way seems the most direct one. The thermodynamic calculations show that
all the other superconductors in this system also can exist onmly in metastable states
under application conditions, i.e., at low temperature and moderate oxygen pressure.

The stability ranges of the 123, 124 and 247 superconductors shown in Fig. 5 may
somewhat decrease because of decomposition into the other phases from this family, such
as 125, if these phases appear to be stable. The same may be due to the formation of
BaO2 at low temperatures and high pressures, since barium peroxide was not taken into

account in the above calculations of equilibria. This was confirmed by investigation of
phase equilibria in the Y-Ba-Cu-O system at high pressure of oxygen (ref. 26). If the
thermodynamic properties of barium peroxide from the existing compilations are used for
the calculation, them it will turm out that not only the superconducting phases but
also many their decomposition products must be oxidized even by ambient air because of
the formation of barium peroxide. Unfortunately, the thermodynamic properties of barium
peroxide are not well enough defined to draw a definite conclusion. This can be said
about the properties of many other substances of interest. In due course, this lack of
precise data will be corrected, but only after extensive work in this field.

The ﬁuestion of the thermodynamic stability of the superconductors in the Bi~Sr—-Ca-Cu-
O, TI-Ba-Ca-Cu-O and other multicomponent systems is far from being settled. The
necessary for the calculation of equilibria thermodynamic functions such complex
systems are mot established now, and one cannot hope, that we be able to do this in a
year or two.
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CONCLUSIONS

The main problems in the thermodynamics of the new superconductors are connected with
their stability. The calculation of equilibria between the substance of interest and
other phases can help to find the external conditions for its stability. Owing to the
lack of necessary thermodynamic data, such equilibria have only be calculated for
superconductors in the Y-Ba-Cu~O system. It is shown that the superconducting ortho-
rhombic 123 phase is thermodynamically unstable at all temperatures and compositions.
It may exist for a long time as a metastable phase when the nucleation of the other
phases with cation stoichiometry other than 1:2:3 is kinetically suppressed. The 247
and 124 superconductors are also metastable under application conditions if we consider
the possibility of formation of the other phases in this system. With regard to thermo-
dynamic investigations, the other systems with high—temperature superconductors are
much more complicated. Neither their thermodynamic properties nor phase compositions
have been studied yet.
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