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Abstract

The dependence of the enthalpy of formation of Nd, , ;Ba, _ ,Cu;0, with low oxygen content on compo-
sition (x = 0.1-0.9) is investigated with the help of calorimetric methods. It is shown on the basis of experi-
mental data that the indicated compounds within the range x = 0.1-0.7 are able to decompose into solid
solutions with higher and lower neodymium content. In addition, the possibility of the decomposition of solid
solutions at medium temperatures into the phases Nd,CuO,, BaCuO, is demonstrated. The obtained results are
useful for understanding the reasons of peak effect in magnetic field. The discovery of this effect opens new
possibilities to obtain high-temperature superconductors (HTSC) with improved technological parameters. So-
lution-free technological methods used to obtain HTSC allow synthesizing the samples of higher quality, in
comparison with the phases prepared according to the technologies that involve solutions, because the con-

sumption of pure natural water and the formation of waste water are eliminated.

INTRODUCTION

The discovery of peak effect [1] (an in-
crease in critical current) for NdBa,Cu;0,
caused intensive investigation of physicochemi-
cal properties of cuprates in magnetic field.
Due to the complexity of the systems contain-
ing high-temperature superconductors (HTSC),
and the lack of investigation methods for un-
ambiguous interpretation of the obtained re-
sults, the nature of peak effect in cuprate
systems remains unclear yet. Obtaining mate-
rials with large critical current opens new pos-
sibilities for improving technology and techno-
logical parameters of HTSC. One of important
aspects of investigating the nature of peak
effect is preparation of high-quality and well-
characterized samples for investigation. From
this viewpoint, methods of solution-free tech-
nology remain among the most promising me-
thods of synthesis of high-temperature super-
conductors with required properties. Success of
using these methods is determined by the ex-
tent of physicochemical, in particular ther-
modynamic advance for cuprate systems.

One of the possible reasons of the appearan-
ce of peak effect in the systems R—Ba—Cu—0O
(R = La, Nd, Sm, Gd, Eu) can be decomposi-
tion of solid solutions R; ; ,Ba, - ,Cu30, into
phases with lack and with excess of a rare
earth element. In order to reveal the possibili-
ty of decomposition process, one should in-
vestigate thermodynamic properties of com-
pounds in the system R—Ba—Cu—O. The goal
of the present work is to investigate thermo-
dynamic characteristics of Nd, ; ,Ba, - ,Cu30,
phases with low oxygen content, and to calcu-
late thermodynamics of decomposition reacti-
ons on this basis. The published investigations
into thermodynamic properties of Nd—Ba—Cu—O
compounds report on fragmentary data on sol-
id solutions with high oxygen content [2—7]. The
data for phases with low oxygen content are
absent.

EXPERIMENTAL

We investigated the samples Nd, . ;Ba, - ,Cu;0,
(x = 0.1-0.9) with low oxygen content, synthe-
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TABLE 1

Composition of investigated compounds

No. Compound No. Compound

1 Nd, ;Ba; 4Cu;Og 3 5 Nd, ¢Ba; 4Cu30¢5,
2 Nd, sBa; 7Cu304,9 6 Nd, ;Ba; 3Cu30¢3
3 Nd, 4Ba; 4Cu3Og 4y 7 Nd,; gBa; ,Cu30g,4,
4 Nd, sBa; 5Cu30q5; 8 Nd, gBa, ;Cu30q

sized from barium nitrate, copper oxide, neo-
dymium oxide. Before synthesis, barium con-
tent of barium nitrate was determined by
means of gravimetry; copper content of the
copper oxide was measured by iodometric ti-
tration; neodymium oxide was obtained from
neodymium nitrate by heating to 1173 K. The
initial compounds were mixed at the stoichio-
metric ratio, ground together, heated for 4 h
to 1023 K and kept for 5 h at this temperature.
After that, the mixture was again ground,
heated from 1023 to 1123 K for 2 h, kept 5—
10 h at this temperature, ground once more,
then pulverized in acetone for 15 min; the pow-
der was dried in air at 573—673 K, pressed in
tablets 20 mm in diameter (mass: about 5 g),
annealed at the temperature of 1273 K for 24
h, quenched, ground, pressed, annealed at
1273 K for 24 h, quenched in liquid nitrogen
and in Wood’s alloy from vertical furnace. Then
the sample was placed into a box with nitro-
gen atmosphere and cooled to room tempera-
ture in exsiccator. The samples were character-
ized by means of X-ray phase and chemical
analysis [8, 9]. According to the results of anal-
ysis, the samples were individual phases; their
composition is shown in Table 1.

We chose dissolution calorimetry as the main
method to obtain thermochemical characteris-
tics. Enthalpy of dissolution of the phases un-
der investigation was determined in automat-
ed calorimeter with isothermal shell at 323.15 K

TABLE 2

in 2 M HCI. The procedure of calorimetric meas-
urements, design of the calorimeter, choice
of experimental conditions (weighed portions,
temperature, time of the main period, etc.),
and test for the reliability of calorimetric set-
up have been described in detail in [2—=7]. The
determined enthalpy of the samples under in-
vestigation was compared with the enthalpy
of dissolution of stoichiometric mixture of
Nd,0;, BaCO;, CuO, which allowed us to cal-
culate enthalpies of the formation of solid so-
lutions R, ; ,Ba, _ ,Cu;0, from neodymium oxi-
de, copper oxide, and barium carbonate, i.e.
the enthalpy of reaction of the following gene-
ral type:

(1 + x)/2 NdyOs4(s) + (2 — x)BaCO4(s)
+ 3CuO(s) + z0,(g) = Nd,,Ba,_,Cu;0,
+ (2 —x)CO, + A, H® (1)
The averaged A, .H° values calculated using

the data of five parallel experiments are shown
in Table 2.

RESULTS AND DISCUSSION

The determined enthalpies of formation
according to reactions (1) allowed us to calcu-
late the enthalpy of the formation of solid
solutions Nd, ; ,Ba, _ ,Cu30, from binary oxides
(NdyO53, BaO, CuO) using the following scheme:

Enthalpy of formation of Nd, , ;Ba,_ ,Cu3O, from neodymium oxide, copper oxide, barium carbonate

Compound A.-H®, kJ/mol Compound A.,.H®, kJ/mol
Nd, ;Ba, 4Cu;04 o3 +411.86+4.98 Nd, ¢Ba, 4Cu;04 5 +267.90+5.44
Nd, ;Ba, ;Cu;04 1 +367.59=5.75 Nd, ;Ba, ;Cu;04 ;5 +219.45%6.65
Nd, ,Ba, (Cu;O4 4, +326.77+5.48 Nd, ¢Ba, ,Cu;04 4, +230.29+6.23

Nd, 5Ba,; 5Cu3045, +290.42+5.87

Nd, ¢Ba; ;Cu;0, g +198.27+5.82
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A H°(Nd, ,,Ba,_,Cu;0,, solid, 323.15 K)
= A, H° (323.15 K)
+ (2 = 2)AH(BaCO;, solid, 323.15 K)
- (2 = 2)AH(BaO, solid, 323.15 K)
- (2 = 2)AH°(CO,, gas, 32315 K)

These data are listed in Table 3. Reference
parameters which are necessary for calcula-
tions have been taken from the Database on
the properties of materials for electronics [10].
Errors are given for a 95 % confidence inter-
val using Student’s coefficient. Possible systema-
tic error calculated as described in monograph
[11] does not bring any contribution into the
reaction enthalpies.

On the basis of the obtained experimental
data on enthalpy of formation of solid solu-
tions Nb, , ,Ba, - ,Cu;0, from oxides, we cal-
culated its dependence on neodymium content
within the range x = 0.1-0.9 for y = 6 and 7.
Enthalpy of formation of the composition with
y > 6 was recalculated for the enthalpy of
formation of compositions with y = 6 and 7
using enthalpy of oxidation in neodymium sys-
tem, which is 96 kJ per one oxygen atom. En-
thalpy of oxidation was calculated as mean
value over the data of [2—4, 12]. The enthalpy

TABLE 3
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Fig. 1. Dependence of enthalpy of formation of phases
Nd, 4 .Ba, - ,Cu;Oq4 (1) and Nd, ; ,Ba, _ ,Cu;0, (2) from
oxides on composition.

of the formation of phases Nd, ; ,Ba, - ,Cu;0q
and Nd; ; . Ba, ,Cu;0, from binary oxides is
shown in Table 4 and in Fig. 1. The results
shown in Fig. 1 indicate that there are three
different regions of the curve exhibiting the
dependence of enthalpy of formation of solid
solutions Nd123 on neodymium content: the
1st, * = 0—0.3; the 2nd, x = 0.3—0.7, the 3rd,
x = 0.7-0.9. This is cjnsistency with the struc-
tural data [9].

Let us turn to the analysis of the depend-
ence of enthalpy of formation of solid solu-
tions on neodymium content within the range
x = 0.1-0.9, where angularities occur at x =

Enthalpy of formation of solid solutions of Nd, , ,Ba, - ,Cu;O0, from oxides, kJ/mol

Compound A H°(323.15 K) Compound A H°(323.15 K)
Nd, ;Ba; 4Cu304 5 —105.71+4.98 Nd, ¢Ba, 4Cu3045, —113.46+5.44
Nd, ;Ba; ;Cu;04 5 —95.49%5.75 Nd, ;Ba, 5Cu304 15 —134.68=6.65
Nd, ,Ba; 4Cu3Oq 44 —109.08+5.48 Nd, gBa; ;Cu;30454; —96.60+6.23
Nd, ;Ba; ;Cu30q 5, —118.19+5.87 Nd, ¢Ba,; ;Cu;0,, —101.37+5.82
TABLE 4

Enthalpy of formation of Nd,; ; ,Ba,_ ,Cu3O4 and Nd, , ,Ba, - ,Cu;0, phases from binary oxides, kJ/mol

Compound A H°(323.15 K) Compound A H°(323.15 K)
Nd,;Ba; 4Cu;04 —102.83+4.98 Nd, ;Ba; 4Cu;0, —198.83+4.98
Nd, ;Ba; ;Cu30q —77.25%5.75 Nd, ;Ba; ;Cu30, —173.25%+5.75
Nd, 4Ba; (Cu;0q —67.22+5.48 Nd, ,Ba; (Cu30, —163.22+5.48
Nd, ;Ba, sCu;04 —69.13%5.87 Nd, ;Ba, sCu;0;, —165.13%5.87
Nd, (Ba, ,Cu,0, —58.84%5.44 Nd, (Ba, ,Cu,0, —154.84+5.44
Nd, ,Ba, ;Cu,0; —64.316.65 Nd, ;Ba, ;Cu,0, ~160.31+6.65
Nd, gBa; ,Cu;04 —19.13%6.23 Nd, gBa,; ,Cu;0; —115.13%+6.23
Nd, ¢Ba; ;Cu30q —5.57%5.82 Nd, ¢Ba; ;Cu30, —101.56+5.82
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0.3 and x = 0.7. If we admit that the entropy
factor does not have any substantial effect on
this dependence, then, according to Fig. 1, sol-
id solutions of the composition 0.1 < x < 0.7
will decompose to form a mixture of solid so-
lutions with x = 0.1 and 0.7, while the phases
of the composition 0.7 < x < 0.9 do not de-
compose. If we link this result with pinning
changes, the reason of which is decomposi-
tion, the following can be admitted. There is
an interval of compositions 0.1 < x < 0.7 in
which the change of the critical current densi-
ty is observed, and an interval 0.7 < x < 0.9 in
which no changes in pinning should be ob-
served. To reveal the real situation, it is neces-
sary to know the dependence of critical cur-
rent on the applied magnetic field for all the
compositions of solid solutions Nd123. These
data are absent from literature.

Let us consider the effect of temperature on
the boundary of decomposition of solid solu-
tions. To do this, one should calculate free Gibbs’
energy of solid solutions Nd, ; ,Ba, - ,Cu;04 at
a temperature close to the synthesis tempera-
ture (about 1000 K). As a first approximation,
the calculation was performed assuming the
independence of enthalpy of formation and
entropy on temperature, and the absence of
phase transitions within temperature range
under consideration. Entropy was estimated
using the additive scheme and entropies of
binary oxides. Results of estimations are shown
in Fig. 2. One can see that an increase in tem-
perature did not bring substantial changes into
the decomposition limits. However, it should
be noted that calculations at high temperature
were performed in the approximation estimat-
ing heat capacity and entropy of phases under
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Fig. 2. Dependence of free Gibbs’ energy
of Nd, ; ,Ba, - ,Cu304 at T = 1000 K on composition.
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Fig. 3. Dependence of free Gibbs’ energy on composi-
tion for Nd,; 4 ,Ba, - ,Cu30; (1, 2) and Nd, ; ,Ba, - ,Cu304
(3, 4). Temperature, K: 500 (2, 4) and 1000 (1, 3).

investigation using the additive scheme with
binary oxides. In reality, such an approxima-
tion is not always true, which can lead to changes
in decomposition limits.

As regards the reasons of the change in the
density of critical current, in order to under-
stand whether the decomposition is the reason
of peak effect or no, it is useful to examine
the dependence of critical current in magnetic
fields on time. In the case if the effect of time
on the behaviour of critical current exists, then,
in consistency with the theory described in [13],
decomposition is one of the reasons of the
change of critical current. No investigations of
this kind had ever been performed.

Further on, let us consider the decomposi-
tion not inside the region of homogeneity with
respect to neodymium but in the region of
reactions resulting in the formation of other
phases, for example decomposition into Nd,CuO,
and BaCuO, phases. Enthalpy values needed
for calculations were taken from [2—5, 14]:
A H® = (—134=*4.1) kJ/mol for Nd,CuO, and
A H° = (=714 £1.9) kJ/mol for BaCuO,. Figu-
re 3 shows the dependence of free Gibbs’ ener-
gy for Nd, ; ,Ba, _ ,Cu;0; and Nd, ; ,Ba, _ ,Cu;0;
at 100 and 500 K for reactions of the general
type:

Nd,;,Ba, ,Cu;0, = (1 + x)/2Nd,CuO,
+ (2 — x)BaCuO, + (0.5 + 0.5x)CuO + zO,

One can see that the decomposition into
Nd,CuO, and BaCuO, phases is impossible at
high temperature (1000 K) but it is possible at
medium temperature (500 K) for solid solu-
tions with low oxygen content.
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It should be noted that investigations at high
temperature are necessary for more reliable
thermodynamic description of these systems,
because the presence of phase transitions and
temperature dependence of enthalpy and en-
tropy can change the system’s behaviour.

CONCLUSIONS

An experimental dependence of the enthalpy
of formation of solid solutions Nd, , .Ba, - ,Cu;0,
(x = 0.1-0.9) from oxides is obtained with the
help of dissolution calorimetry procedures. It is
demonstrated on the basis of this dependence
that inside the homogeneity region (0.1 <x <
0.7) solid solutions can decompose into a mixture
of phases Nd, ,Ba, 3Cu;0, and Nd, ;Ba, 5Cu;0,. It
is established that the decomposition of solid
solutions with low oxygen content into a mix-
ture of Nd,CuO, and BaCuO, phases is possible.
The observed decomposition of solid solutions
can be a reason of the appearance of super-
conductor peak effect in Nd—Ba—Cu—0O system
in magnetic field. The data on the existence of
decomposition limits for solid solutions are use-
ful for the understanding of the nature of peak
effect and for obtaining superconductors with
improved technological parameters.
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