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Thermal expansion of YBa,_,Me,Cu3z07_;
(Me =Sr, Ca; 0.0 <x £1.0) solid solutions
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The thermal expansion of high-temperature superconductors (HTSC) solid solutions
YBa,_xMe,Cuz0,_s (Me =Sr, Ca; 0.0 < x < 1.0) was investigated by dilatometric method in
air at 293-1123 K. The temperatures of phase transitions: orthorhombic phase 1 to
orthorhombic phase 2 and orthorhombic phase 2 to tetragonal phase were determined.
The influence of isovalent substitution of barium by strontium or calcium on the crystal
structure, temperature of phase transitions and values of linear thermal expansion
coefficient (LTEC, «) of investigated solid solutions was analyzed.
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1. Introduction

Influence of isovalent substitution of ions, which are in
different crystallographic positions of crystal lattice of
YBa,CuzO7_s-type HTSC, on the temperature of tran-
sition into superconducting state of these phases (7)
has been studied in detail. So, substitution of 10—20%
of copper by ions of 3d-elements (Fe, Co, Ni, Zn et al.)
results in suppression of superconductivity [1]. Substi-
tution of barium by ions of other alkaline-earth metals
leads to the significant decrease of 7., however samples
stay superconducting at temperatures above tempera-
ture of liquid nitrogen boiling even under substitution
of a half of barium by the strontium or calcium [2—4].
Butin the literature there are data on significant increase
of density of critical current (j, of YBa,CuzO7_s-type
phases under partial substitution of barium by stron-
tium [5]. Partial or full substitution of yttrium by ions
of rare-earth elements practically has no influence on
T, which for phases RBa,Cu3zO7_; is near 90 K [6].
Influence of isovalent substitution of ions on the be-
haviour of these phases above room temperature has
not been experimentally studied.

Meanwhile a study of physicochemical characteris-
tics of YBayCu3O7_s-type HTSC (and in particular
of solid solutions) at high temperatures is of a sig-
nificant interest due to a number of reasons. Firstly,
this is possible expansion of HTSC applications, in
particular, as possible materials for high-temperature
electrochemical devices [7, 8] or catalysts of chemi-
cal reactions [9, 10]. Secondly, for the development of
optimum technology of synthesis of HTSC materials
with the possibility of variation of their characteris-
tics with the given step over a wide range. Finally, a
study of peculiarities of behaviour of HT'SC at high tem-
peratures, where the most intensive structural changes
take place and oxygen nonstoichiometry of the samples
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changes more appreciably, possibly, will be useful for
the clarification of mechanism of superconductivity of
these phases.

In the literature there are detailed data on the ther-
mal expansion of YBa;Cu3O7_s over broad ranges of
temperatures and partial pressures of oxygen [11-14].
It is found that LTEC of YBa,Cu3;0O7_s increases
with temperature increase [11-14] and with reducing
of partial pressure of oxygen [14] and LTEC values
of YBa,Cu30;_s are ranged from 14 x 1076 K~! to
23 x 107° K~! at 673-1073 K [14]. Partial or full sub-
stitution of yttrium by rare-earth element, according to
[14, 15], weakly influences on the value of LTEC of
RBa,;Cu307_s-type phases. Literature data on the ther-
mal expansion of solid solutions of YBa,CuzO7_s-type
HTSC are not numerous [8, 15].

We studied thermal expansion of solid solutions
YBa,_Me,Cu3z07_s (Me = Sr (I), Ca (II); x =0; 0.2;
0.4;0.6; 0.8; 1.0) at 293-1123 K in air.

2. Experimental procedure

All samples were prepared by the ceramic method from
Y,03 (super pure), CuO (super pure), BaCO;3 (pure),
SrCOj3 (pure for analysis) and CaCOj3 (pure for analy-
sis), taken in corresponding stoichiometric proportions.
After carefully grinding in an agate mortar, tablets were
pressed, having diameter 19 and height 5—7 mm. For
better compaction isobutanol or ethanol was added to
the mixtures. After pressing tablets were dried in air for
1-2 hours at 373—-473 K to remove the alcohol and then
annealled in boats of alumina in air for 40-80 hours
at 1173 K with several intermediate regrindings. For
dilatometric measurements from powders we pressed
rods (of 5 x 5 x 30 mm?) under pressure 100—150 MPa,
which then were sintered in air for 15-20 hours at
1223 K. After sintering samples were annealed in the
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flow of oxygen at the 718 =5 K for 10 hours. Den-
sity of samples after sintering and annealing was about
90-95% of the theoretical X-ray density.

Identification of prepared samples was conducted
by X-ray phase analysis at room temperature using
diffractometer DRON-3 (Cu K,-radiation, Ni-filter).
Oxygen nonstoichiometry of samples was determined
iodometrically [16].

Thermal expansion of (I) and YBaCaCu307_s was
studied by a quartz dilatometer DI-24 ADAMEL-
LHOMARGY systems in air at heating and cooling
rate equal to 2 K/min [17]. Samples (II) were studied
by a quartz dilatometer having clock-type indicator (ac-
curacy of scale of indicator was +0.001 mm) in air at
293-1023 K during step-by-step heating and cooling
of the samples with their keeping at each temperature
for 15 minutes [18].

3. Results and discussion

3.1. X-ray analysis

All samples after annealing at 1173 K and sintering
at 1223 K were, within accuracy of X-ray method,
monophase and they were, depending on the compo-
sition, tetragonal (for large values of x) or orthorhom-
bic (for small x). After oxygenation all samples had
orthorhombic structure.

Calculation of parameters of unit cells of samples
was made using (200), (020), (006) reflexes. Values of
parameters of unit cells, index of oxygen nonstoichiom-
etry (§), X-ray (o) and experimental (p.) (determined
by mass and geometric sizes of samples) density of
solid solutions are given in Table I.

As 1is clear from the data of Table I, in the
YBa,Cu3O7_s crystal lattice substitution of larger
barium ions by smaller strontium ions (rg2+ =0.166,
rg2+ = 0.146 nm for coordination number (C.N.) equal

to 10) [19] results in expected decrease of the pa-
rameters a, b and ¢ as well as volume of unit cell
V. Values of parameters and volumes of unit cells
of solid solutions YBa;_,Sr,Cu307_;s, obtained by
us, are in satisfactory agreement with previous data
[2-4]. We observed increase of index oxygen nonsto-
ichiometry (§) with increase of strontium content in
solid solutions of HTSC YBa,_ ,Sr, Cu3O7_s, which, is
probably due to the change of nature of interionic inter-
actions in the crystal lattice of samples, particularly, be-
tween (CuO;)-(Ba0)-(CuO)-layers (Fig. 1), containing
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Figure 1 The crystal structure of HTSC of YBa;Cu3zO7_s-type [20].

TABLE I The parameters (a, b, ¢, nm) and volume (103 v, nm3) of unit cell, oxygen nonstoichiometry (§), X-ray (10’3 Pcs kg‘m’3) and
experimental (1073 pe, kg - m?) density of YBay_,Me,CuzO7_s (Me = Sr, Ca) solid solutions

No Me= x= a b c \% ) Pc Pe Ref.

1 Sr 0.0 0.3828 0.3886 1.169 173.959 0.07 6.35 5.71 Our data
2 Sr 0.0 0.3823 0.3886 1.1687 173.624 - - - [2]

3 Sr 0.0 0.3823 0.3892 1.1684 173.848 0.1 - - [3]

4 Sr 0.2 0.3821 0.3882 1.166 172.984 0.09 6.28 5.65 Our data
5 Sr 0.2 0.3817 0.3880 1.1656 172.645 - - - 2]

6 Sr 0.2 0.3805 0.3875 1.1624 171.388 0.2 - - [3]

7 Sr 0.4 0.3815 0.3870 1.165 171.927 0.11 6.22 5.66 Our data
8 Sr 04 0.3809 0.3877 1.1640 171.894 - - - [2]

9 Sr 0.4 0.3792 0.3859 1.1578 169.425 0.2 - - [3]

10 Sr 0.5 0.3804 0.3873 1.1623 171.240 - - - [4]

11 Sr 0.6 0.3806 0.3870 1.161 170.973 0.13 6.16 5.61 Our data
12 Sr 0.6 0.3804 0.3870 1.1614 170.975 - - - [2]

13 Sr 0.8 0.3805 0.3859 1.158 169.964 0.16 6.09 5.60 Our data
14 Sr 0.8 0.3800 0.3857 1.1589 169.855 - - - 2]

15 Sr 1.0 0.3802 0.3847 1.154 168.818 0.19 6.03 5.58 Our data
16 Sr 1.0 0.3793 0.3857 1.1558 169.089 - - - 2]

17 Sr 1.0 0.3780 0.3850 1.1548 168.058 - - - [4]

18 Ca 0.2 0.3830 0.3886 1.168 173.877 0.11 6.16 5.61 Our data
19 Ca 0.4 0.3828 0.3892 1.167 173.928 0.14 5.97 5.55 Our data
20 Ca 0.5 0.3823 0.3878 1.1689 173.296 - - - [4]

21 Ca 0.6 0.3827 0.3888 1.166 173.553 0.17 5.79 541 Our data
22 Ca 0.75 0.3817 0.3871 1.1670 172.431 - - - [4]

23 Ca 0.8 0.3819 0.3867 1.164 171.903 0.20 5.65 5.34 Our data
24 Ca 1.0 0.3817 0.3876 1.163 172.979 0.23 5.46 5.19 Our data
25 Ca 1.0 0.3822 0.3872 1.1694 173.057 - - - [4]
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in planes (CuO) so-called weekly-fixed oxygen (posi-
tions Ol in Fig. 1) [20]. When substitution of barium
by calcium parameters a, b and volume of unit cell V
of solid solutions YBa;_,Ca,Cu3;O;_s were decreased
slightly. Parameter ¢ was decreased noticeably with in-
crease of degree of substitution of barium by calcium
and with decrease of oxygen content in samples.

As far as ion radius of calcium (rp2+ =0.142 and
0.126 nm for C.N. 10 and 8 respectively [19]) is closer
to the ion radius of yttrium (rys+ =0.116 and 0.124 nm
for C.N. 8 and 9 respectively [19]), than to the ion
radius of barium, when forming of solid solutions
YBa,_,Ca,Cu3zO7_s calcium ions can occupy (and,
possibly does, occupy) not only positions of barium
as well as positions of yttrium, displacing a part of
yttrium ions into vacant lattice sites of barium sublat-
tice. That is to say, partial breach of ordering in the
arrangement of ions of yttrium and barium (Ba(Ca,Y)-
Y(Ca)-Ba(Ca,Y) instead of Ba-Y-Ba) at A-positions of
perovskite-like (ABO3) cell of YBa,CuzO7_5 (Fig. 1)
takes place, which is similar to the disordering in
the arrangement of lanthanum and barium ions in
LaBa;CuzO7_s [20]. Thus, formula of solid solutions
YBa,_,Ca,Cu3;O7_s (taking into account distribution
of cations over different sublattices) may be written as
(Y1_.Ca;)Bar_,Ca,_;Y;)Cuz07_s.

3.2. Thermal expansion

Typical dependence of relative elongation (Al/ly) and
LTEC («) for the solid solutions (I-II) is given in
Fig. 2. For some compositions hysteresis was observed
an heating-cooling, which was small for temperature
dependences of Al/ly and vastly greater for LTEC de-
pendences. This hysteresis, was probably, due to the
slow oxygen exchange between samples and environ-
ment (air) [13]. Values « for solid solutions (I-II) at
partial substitution of barium by strontium or calcium
were about (1.2 — 1.4) x 1075, (1.8 — 2.4) x 1075 and
(1.6 — 1.8) x 107> K~! for temperature intervals 293—
593, 593-893 and 893-1023 K respectively. These data

10° Al

600 800 1000

T/K

400

Figure 2 The temperature dependence of relative elongation (Al/lp)
and LTEC («) of YBaj 4Srg ¢CuszO7_s solid solutions.

TABLE II The temperatures of phase transitions of orthorhombic 1
to orthorhombic 2 (77, K) and orthorhombic 2 to tetragonal phase (73,
K) of solid solutions (I-II), determined for 7} from Al/ly =f(T) and for
T, - from o =f(T') dependences

No Sample Ty T

1 YBa;Cuz07_5 768 903
2 YBallgsro'2CU307,5 748 888
3 YBaj 6Sr94CuzO7_5 743 878
4 YB31.4SIO'GCU307,3 738 888
5 YBaj 2SrggCuzO7_5 738 878
6 YBaSrCuzO7_s 738 888
7 YBaj gCapCuzO7_s 733 898
8 YBa1.6Ca0A4CU307,5 730 890
9 YBaj 4CagsCuzO7_s 720 884
10 YBa1.2Ca0A3CU307,5 688 878
11 YBaCaCu307_; 673 868

are in a good accordance with results of [12—-14] for
the unsubstituted phase YBa;Cu3O7_s. LTEC values
of YBa,_, Sr,Cu307_;s (I) were essentially larger, than
those of YBa;_,Ca,Cu307_;s (II) for the temperature
interval studied.

On temperature dependences of relative elongation
and LTEC two anomalies were observed for all samples.
According to [12, 13], these anomalies were due to the
solid-state phase transitions: orthorhombic phase 1 to
orthorhombic phase 2 (of “order-disorder” type, con-
nected with the disordering of oxygen ions at different
crystallographic positions of the unit cell of the sam-
ples and accompanied by beginning of oxygen loss by
samples at heating) at 77 and orthorhombic phase 2 to
tetragonal phase at 7>. Temperatures of phase transi-
tions (for the heating) 7 (determined using kinks on
temperature dependences of Al/[j) and 7, (determined
using kinks on temperature dependences of «) of (I-1I)
solid solutions are given in Table II. As can be seen
from these data, monotonous decrease of temperatures
of phase transitions of solid solutions (I) and (II) with
increase of strontium or calcium content is observed. It
is interesting to note that orthorhombic 1 to orthorhom-
bic 2 phase transition for the strontium-substituted solid
solutions occurs at practically the same temperature.
Temperatures of phase transitions of (I-II), obtained in
this work, agree satisfactorily with those determined by
us earlier using thermogravimetric data (on the loss of
oxygen by samples) for the same compositions [21].

In Table III LTEC values of the samples studied are
given for some temperatures for the heating process.
For better clarity in Figs 3—4 three-dimensional «-7T-x
diagrams and their projections on the plane 7-x for (I)
and (II) are shown. As can be seen from the data ob-
tained, at the heating LTEC of solid solutions (I) in
orthorhombic 1 and tetragonal modifications decreases
slightly with content of strontium in samples increas-
ing, but in orthorhombic 2 modification as a whole it
does not change appreciably, having a minimum for
x = 0.4 composition. It is interesting to note, that LTEC
of sample with x = 0.8 is closed to the LTEC of unsub-
stituted phase. When cooling one can observe very sim-
ilar results, but a minimum on dependences of LTEC
on the composition at x = 0.4 and near 800 K becomes
more observable. LTEC of solid solutions (II) for the
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TABLE III Values of the LTEC (10° « - K~!) at different temperatures (7', K)

T
Sample 350 400 450 500 550 600 650 700 750 800 850 900 950
YBa;Cuz07_5 1.29 1.32 1.33 1.36 1.38 1.48 1.68 1.94 2.31 221 1.43 2.21 1.55
YBa; gSr92Cu307_s 1.26 1.33 1.37 1.35 1.37 1.44 1.75 2.02 2.37 2.56 2.41 1.91 1.78
YBaj 519 4Cu307_s 1.29 1.28 1.35 1.30 1.31 1.37 1.56 1.80 2.10 2.09 1.81 1.67 1.62
YBaj 4519 6Cu307_s 1.37 1.32 1.37 1.31 1.35 1.45 1.61 1.90 2.27 2.32 1.99 1.88 1.84
YBaj »SrpgCuzO7_5 1.26 1.29 1.35 1.24 1.26 1.41 1.68 2.18 2.49 2.51 2.07 1.95 1.86
YBaSrCu3zO7_5 1.22 1.26 1.31 1.32 1.29 1.35 1.44 1.70 1.91 1.86 1.82 2.12 1.82
YBay §Cag2Cu3zO7-5 - 0.88 1.04 1.02 1.02 0.97 0.91 1.06 1.57 1.83 1.46 1.23 1.28
YBa; Cap 4CuzO7_;5 0.72 1.07 1.40 1.22 1.33 1.30 1.39 1.54 1.93 2.06 1.86 1.66 1.52
YBaj 4Cag Cuz07_s 0.80 0.81 0.99 1.08 1.09 0.98 0.69 0.64 1.76 2.10 1.82 1.27 1.00
YBa; ,Cap gCuzO7_;5 1.22 1.52 1.19 1.22 1.24 1.24 1.53 1.78 2.25 2.45 1.81 1.96 1.51
YBaCaCuzO7_; 1.13 1.15 1.24 1.24 1.14 1.18 1.29 1.47 1.49 1.41 - 1.22 1.26
1000

1.82 1.82
@)
1.9( 1.82\ 1.62

[2.12

2.
2.022.12 (z 221
T —
32.31 2.12 Al
2.41 2.21 ./

i

Ve oas,
r e

Qo

a0

=~
4...‘:3

1.19 1.281.37
CJ7

0,4

1

0,0

()

()

Figure 3 The LTEC () of YBay_, Sr,Cu3zO7_; solid solutions: a-T'-x-diagram (a, ¢) and projections of this diagram on the T -x-plane (b, d) for

heating (a, b) and cooling (c, d).

heating process decreases with increasing of calcium
content, with the exception of samples with x =0.4
and x =0.8, for which LTEC values of orthorhom-
bic 2 modification are approximately equal or even
more, than those of unsubstituted phase YBa,Cu3zO7_s.
The most significant decrease of LTEC for calcium-
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substituted samples in contrast with the unsubstituted
phase is observed for the samples with x =0.2 and
x = 1.0 (for cooling process).

Explanation of such dependences of (I) and (II) LTEC
on composition and temperature, in our opinion, may
be made taking into account two factors: distribution
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Figure 4 The LTEC («) of YBay_,Ca,Cu307_; solid solutions: «-T-x-diagram (a, c¢) and projections of this diagram on the 7-x-plane (b, d) for

heating (a, b) and cooling (c, d).

of ions of yttrium and alkaline-earth elements between
different crystallographic positions (which is important
for substitution of barium by calcium) as well as oxygen
nonstoichiometry of samples.

The first factor, probably, is responsible for the
appearance of minimum on dependences “«-T-
composition” for (IT). It is obviously, that at small de-
grees of substitution distribution of cations takes place
by a normal way, i.e, Ca”* jons in the YBa,CuzO7_;
crystal lattice occupy A-positions in (BaO)-planes
of perovskite-like ABOj3 structure. Here an expected
decrease of LTEC of the samples within whole stud-
ied temperature interval occurs. Substitution of a major
part of barium ions by calcium ions leads, as it was
shown above, to essential distortion of crystal struc-
ture of YBa,Cu3O7_s-type phases, accompanying by
changing of a nature of interaction between (Me)- and
(MeO)-planes, forming a structure of these phases. Be-
cause of this “compressing” function of small (in com-
parison with barium) Ca®* ions is changed into “loosen-
ing” and an increase of LTEC of the samples takes place.

In the case of substitution of barium by strontium
a picture is somewhat different. For a major part
of investigated temperatures and compositions, as it
was mentioned above, substitution of barium ion by
smaller strontium ion leads to the expected decrease of
LTEC, however, here increase of LTEC of phases (I)
at x =0.6 — 0.8 (from 5 up to 30% depending on tem-
perature and composition) is not quite clear. Such a
phenomenon was not bound to take place under statis-
tical filling of positions in (BaO)-planes by Ba>* and
Sr?* ions. Taking into account above considerations,
it is possible to suppose that in this case at x =0.4
(that corresponds to the substitution of 25% of bar-
ium by strontium) ordering of ions of alkaline-earth
elements along c-axis with formation of (Ba-Ba-Ba-
Sr)-type superstructure occurs. This ordering leading to
the increase of interactions between (Me)- and (MeO)-
planes, possibly, may define a significant decrease of
LTEC of (I) for x =0.4.

Above we did not take into account oxygen non-
stoichiometry of the samples. However, in opinion of a
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number of authors [2, 4,7, 12-15, 20-23], namely non-
stoichiometry to a considerable degree defines many
properties of YBa;Cu3O7_s-type phases.

When detailed considering obtained results, taking
into account above remarks, it is possible to reveal an
influence of oxygen nonstoichiometry and oxygen or-
dering on the thermal expansion and LTEC of sam-
ples (I-II). Influence of the second factor is the most
pronounced in the following cases. It is known that
LTEC of YBa;Cu3O7_s-type phases increases with de-
crease of oxygen content in the samples [23]. Namely
low content of oxygen (Table I) can explain high val-
ues of LTEC at low temperatures for samples (I) with
large content of strontium (x = 0.8 — 1.0), though, tak-
ing into consideration “compressing” role of smaller in
comparison with barium ions strontium ions, here one
can expect smaller LTEC values, than those for compo-
sitions with x =0 — 0.4. Ordering of oxygen, probably,
is responsible for hysteresis of LTEC of the samples at
high temperatures, which is connected with unequiva-
lent filling by the oxygen of different crystallographic
positions (O(1), O(5)) at heating—cooling. In the crys-
tal structure of YBa;Cu3O7_s-phases there is five un-
equivalent positions of oxygen ions (Fig. 1): O(4) in
plane (BaO), O(2) and O(3) in plane (Cu0O,), O(1) and
O(5) (vacancy) in plane (CuO). According to [20, 22]
at heating of YBa,Cu3O7_;-type phases oxygen leaves
the positions O(1), and after liberation approximately
a half of the above positions it causes raising a sym-
metry of phases from orthorhombic to tetragonal one.
When cooling of YBa,Cu30O7_s-phases an oxygen can
occupy with equal probability both positions O(1) and
0O(5), that leads to a local distortion of crystal structure.
Further ions of oxygen diffuse from the positions O(5)
to the positions O(1) and arrange along b-axis of the
forming orthorhombic modification of YBa,CuzO7_s-
type phases. Two last processes, proceeding to a con-
siderable extent unequilibriumly even at small cooling
rates equal to 1-2 K/min, cause a significant difference
between YBa;Cu30O7_s-type phases LTEC values, ob-
tained from data for heating and cooling processes.

4. Conclusions

Thermal expansion of HTSC solid solutions YBa;_,
Me,Cu3zO7_s (Me = Sr, Ca) was studied by dilatom-
etry in air at 293-1123 K. LTEC values of the
above phases were calculated and they were about
(12—-14)x 107 K, (1.8—2.4)x 107> K! and
(1.6 —1.8) x 10> K~! for 293-593, 593-893 and
893-1123 K temperature intervals respectively. For all
samples studied two phase transitions were observed:
orthorhombic phase I to orthorhombic phase II and or-
thorhombic phase II to tetragonal phase at temperatures
673-768 and 868-903 K respectively. It is found that
substitution of barium by strontium or calcium in the
crystal structure of YBa;Cu30O7_s-type phases leads to
decrease of the lattice parameters of the unit cell, tem-
peratures of phase transitions and LTEC values with the
increase of strontium or calcium content in the solid so-
lutions studied. The results obtained are discussed by
means of models of ordering of alkaline-earth and oxy-
gen ions in the crystal lattice of the samples.
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