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bstract

Up to now all ceramics of REBa2Cu3O7−δ (RE = Y and rare-earth elements) were prepared at temperatures of about 900–950 ◦C except Lu123.

uBa2Cu3O7−δ could not be prepared as single-phase ceramic. In the present study, we have developed the preparation conditions to synthesize
hase-pure Lu123 ceramics. We have measured the resistivity of Lu123 (Tc = 92.1 K) at different temperatures, determined the enthalpies of reaction
ncluding LuBa2Cu3O7−δ by solution calorimetry and have studied the thermodynamic stability of this compound.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Due to the potential application of high-Tc superconductors,
uch effort has been directed at sintering the high-temperature

uperconductors and related phases in complex oxide systems
1–3]. Rotors and stators for electric motors and generators, ele-
ents for superconductor bearing and levitation systems could

e produced from the bulk materials with high enough critical
urrent. The high-Tc superconductors, REBa2Cu3O7−δ (RE123,
E, rare-earth elements) are the most promising compounds

or high-temperature applications owing to strong flux-pinning
apability under high magnetic fields. It has been believed that
he flux-pinning capability of RE123 is determined mainly by
xygen deficiency, impurities, twin boundaries, and cation-site
ubstitution.

Almost all ceramics of REBa2Cu3O7−δ (RE = Y and rare-
arth elements) were prepared at temperatures of about

00–950 ◦C except Lu123. LuBa2Cu3O7−δ could not be pre-
ared as single-phase ceramics [4–10]. According to the
heory of phase stability [5], the stability of REBa2Cu3O7−δ

∗ Corresponding author. Tel.: +7 3833 306449; fax: +7 3833 309489.
E-mail address: nata@che.nsk.su (N. Matskevich).

B

t
c
t
i
c

040-6031/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2007.10.013
ynamic stability

s lowered significantly as the ionic radius of RE3+

ecreases. The field of thermodynamic stability is narrow-
st for LuBa2Cu3O7−δ [5]. High-temperature decomposition
f LuBa2Cu3O7−δ occurs at temperatures >900 ◦C (PO2 =
.21 bar) [7,8].

Synthesis of LuBa2Cu3O7−δ by direct combination of
he reactants was attempted at several temperatures between
00–1000 ◦C both in air and in pure O2 [6]. The resulting
roducts were a mixture of BaCuO2, Lu2BaCuO5 and CuO.
he Lu123 phase did not form under the conditions described
bove even though its neighboring ytterbium compound formed
asily [6]. Samoylenkov et al. [9] observed no XRD peaks of
uBa2Cu3O7−δ after annealing the ceramic precursor in an oxy-
en atmosphere at 850–920 ◦C for 5 h. They concluded that the
uccessful preparation of LuBa2Cu3O7−� is only possible from
he melt. Authors of papers [10] reported that they obtained
eramic mixture of 70% 123Lu phase and 30% of Lu2BaCuO5,
aCuO2.

In the present study, for the first time we report the syn-
hesis and physico-chemical properties of phase-pure Lu123

eramic. We have measured the resistance of Lu123 at different
emperatures, determined the enthalpies of reaction includ-
ng LuBa2Cu3O7−δ and have studied the stability of this
ompound.

mailto:nata@che.nsk.su
dx.doi.org/10.1016/j.tca.2007.10.013
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Table 1
Power X-ray diffraction data for LuBa2Cu3O6.92

Nr. 2Θ, obs. h k l 2Θ, calc. Int. d, obs. d, calc.

1 22.862 0 0 3 22.854 38.7 3.8866 3.8881
2 23.368 0 1 0 23.384 26.8 3.8038 3.8011
3 32.594 1 0 3 32.604 65.0 2.7450 2.7442

4 32.958 0 1 3 32.927 100 2.7155 2.7180
1 1 0 32.989 2.7131

5 38.587 0 0 5 38.561 19.2 2.3313 2.3329
1 0 4 38.615 2.3297

6 40.505 1 1 3 40.511 29.9 2.2253 2.2249

7 45.625 0 1 5 45.589 9.4 1.9867 1.9883
1 1 4 45.636 1.9863

8 46.683 0 0 6 46.686 22.3 1.9442 1.9440
9 46.875 2 0 0 46.870 24.9 1.9367 1.9368

10 47.828 0 2 0 47.821 21.7 1.9003 1.9005

11 53.660 0 2 3 53.633 10.6 1.7067 1.7075
2 1 1 53.644 1.7071
1 2 0 53.675 1.7062

12 55.073 0 0 7 55.068 8.6 1.6662 1.6663
13 58.359 1 1 6 58.347 29.4 1.5799 1.5802
14 59.092 1 2 3 59.078 21.0 1.5621 1.5624

15 63.073 0 2 5 63.038 8.8 1.4727 1.4735
1 2 4 63.076 1.4727

16 65.709 1 1 7 65.708 8.3 1.4199 1.4199
17 68.311 2 0 6 68.306 9.5 1.3720 1.3721
18 69.208 2 2 0 69.200 14.1 1.3564 1.3565
19 73.918 2 2 3 73.942 7.1 1.2812 1.2808
20 79.546 1 3 0 79.532 10.6 1.2041 1.2042
21 87.641 2 2 6 87.644 8.8 1.1125 1.1125
22 96.170 3 1 6 96.195 7.0 1.0352 1.0350
23 96.857 3 2 3 96.824 7.2 1.0296 1.0299

2

(
Y
b
t
[
T
L

t
of Lu, a spectrophotometric method (spectrophotometer SF-46)
was used. Ba was determined by flame photometry, and Cu by
atomic absorption (air–acetylene flame, Hitachi Z-8000) meth-
ods. The following results were obtained (wt. %): Lu, found

Table 2
Fractional atomic coordinates of LuBa2Cu3O6.92

Atom x y z

Lu 0.5 0.5 0.5
Ba 0.5 0.5 0.1888 (4)
Fig. 1. Powder X-ray diffractogram of LuBa2Cu3O6.92.

. Experimental part

.1. Sample preparation

LuBa2Cu3O7−δ was prepared from Lu2O3, CuO, and BaCO3,
ll of the purity 99.999%. In a first step BaCO3 has been calcined
t 850 ◦C for 18.5 h, and then at 900 ◦C for 65 h in a continu-
usly pumped vacuum. At the end of this process the pressure
as less than 3 × 10−5 bar. From weight loss a complete decom-
osition to BaO could be confirmed. In a second step about 7 g
f a stoichiometric mixture of oxides was ground in a plane-
ary mill (PULVERISETTE, Fritsch Company) with a rate of
0–250 rpm for one week to obtain an extremely fine-grained
owder mixture. Finally, the powder has been pressed into 7
ellets with a diameter of 10 mm and then reacted at 850 ◦C for
50 h and then at 900 ◦C for more than 100 h in an atmosphere
f 100 mbar flowing oxygen. A subsequent oxidation treatment
t 450 ◦C for more than 23 h in 1 bar O2 resulted in Lu123 with
ptimal superconducting properties. The low peritectic melting
oint, and the thus resulting slow reaction kinetics are the main
hallenges of the synthesis of Lu123. They have been overcome
y the preparation of a highly reactive BaO powder, by a grind-
ng and milling step down to the <1 �m level, and finally, by
gradual increase of the reaction temperatures to avoid a loss

f melt of eutectic composition before the completed synthe-
is. The sample was shown to be a phase-pure ceramic with an
rthorhombic structure (space group Pmmm) by X-ray powder
iffraction (STADI-P, Stoe, Germany, Cu K�1) performed at
he Institute of Solid State Physics (Karlsruhe Research Cen-
re) (Fig. 1 and Table 1). The fractional atomic coordinates are
iven in Table 2. The initial coordinates of atoms for the struc-
ural refinements have been used from reference [11] for Y123.
he method to determine atom sites was the same as described

n paper [12] in detail.
The refined cell parameters obtained for LuBa2Cu3O6.92:

= 3.8737(6) Å, b = 3.8011(7) Å, c = 11.664(3) Å, cell volume:

71.75(7) Å3. These parameters are in a good agreement with
arameters for single crystal of Lu123 obtained by a flux
rowth method (c = 11.69 Å) [10] and for LuBa2Cu3O7−x thin
lms prepared by metal organic chemical vapour deposition

C
C
O
O

4 97.695 2 3 3 97.705 8.7 1.0230 1.0229
1 0 11 97.729 1.0228

c = 11.67 Å) [9]. It was possible to expect following to data for
bBa2Cu3O7.02 (c = 11.607 Å) [13] that lattice parameters could
e smaller. Nevertheless sample obtained by us had oxygen con-
ent (6.92) smaller than oxygen content of Yb123 (7.02) in paper
13] and the superconductivity transition (92.1 K) higher than
c of YbBa2Cu3O7.02 sample (90 K) [13]. There are no data for
u123 in paper [13].

All compounds were characterized by X–ray power diffrac-
ion (STADI-P, Cu K�1) and chemical analysis. For analysis
u1 0 0 0
u2 0 0 0.3601 (4)
1 0 0 0.1570 (3)
2 0 0.5 0.3801 (4)
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3.17 ± 0.12 (calculated 23.29); Ba, found 36.30 ± 0.26 (cal-
ulated 36.57); Cu, found 25.28 ± 0.18 (calculated 25.38). The
xygen content was determined by iodometric titration. The oxy-
en index for LuBa2Cu3O7−δ was 6.92 (±0.03). According to
he results of the analyses the Lu123 phase was found to be
ingle phase with an accuracy of about 1%.

.2. Calorimetric investigations

Solution calorimetry was carried out in an automatic
alorimeter with an isothermal jacket. The calorimeter consists
f a glass Dewar reaction vessel (200 ml) with a brass cover.
his instrument has a 100 � platinum thermometer, 60 � cali-
ration heater, cooler, mixer, and a device to hold and to break
mpoules, which were mounted on the lid closing the Dewar ves-
el. The platinum thermometer and device to input power were
onnected with voltmeter Solartron 7061. The voltmeter was
omputer-controlled using interface PCI-GRIB (IEEE 488) and
atlab program written in our laboratory. The calorimetric ves-

el was maintained at 323.15 K with temperature drift less than
.0003 ◦C for 10 h. The experimental procedure was described
arlier in detail [14,15]. The apparatus has been tested several
imes by the dissolution of KCl in water. The obtained dissolu-
ion heat of KCl (17.529 ± 0.009 kJ mol−1, the molality of the
nal solution was 0.028 mol kg−1) was in a good agreement with

he value recommended in the literature. The certified values are
7.42 ± 0.02 kJ mol−1) [16], 17.47 ± 0.07 kJ mol−1 [17].

6.0 M HCl (aq) (reagent grade) was chosen after several trials
f other concentrations since it dissolves the superconducting
xides and related phases readily. The experiments were per-
ormed at 323.15 K. At lower temperature the rate of dissolution
f CuO is small. First of all we tried to dissolve Lu2O3 in
ifferent concentrations of HCl. However, it was impossible.
herefore we chose a thermochemical cycle designed in such
way that it was possible to compare the enthalpy of solution
f LuBa2Cu3O7−δ with the enthalpy of solution of the mixture
.5Lu2BaCuO5 + 1.5BaCO3 + 2.5CuO.

The enthalpies of solution of five samples of Lu2BaCuO5
about 0.08 g), five samples of BaCO3 (about 0.08 g), five sam-
les of CuO (about 0.05 g), six samples of LuBa2Cu3O7−δ

about 0.2 g) in 6.0 mol dm−3 HCl (aq) (200 ml) at 323.15 K
re reported. Samples were stored under dry N2 before use.

The calorimetric scheme for determination of the enthalpy
f LuBa2Cu3O7−δ is described by Eqs. (1)–(5) (see Table 3).

Soln” refers to 6.0 M HCl (aq) in all of these equations.

The measured enthalpies of solution of Lu2BaCuO5,
aCO3, CuO, LuBa2Cu3O6.92 were determined as: �solH1

◦
323.15 K) = −464.7 ± 2.2 kJ mol−1, �solH2

◦ (323.15 K) =

L
t
s

able 3
hermochemical cycle for the determination of the enthalpy of reaction of LuBa2Cu3

r. Reactions

0.5Lu2BaCuO5(s) + 5HCl (soln) = LuCl3(soln) + 0.5BaCl2 (soln) +
1.5BaCO3(s) + 3HCl (soln) = 1.5BaCl2(soln) + 1.5CO2 (g) + 1.5H2

2.5CuO(s) + 5HCl (soln) = 2.5CuCl2 (soln) + 2.5H2O (soln)
LuBa2Cu3O6.92 (s) + 13HCl (soln) = LuCl3 (soln) + 2BaCl2(soln)
0.5Lu2BaCuO5(s) + 1.5BaCO3(s) + 2.5CuO (s) + 0.21O2(g) = LuB
ica Acta 467 (2008) 113–116 115

15.3 ± 1.3 kJ mol−1, �solH3
◦ (323.15 K) = −51.1 ± 0.7 kJ

ol−1, �solH4
◦ (323.15 K) = −730.7 ± 3.1 kJ mol−1, respec-

ively. The dissolution enthalpies were calculated as average
alues of five or six calorimetric experiments. Errors were
alculated for the 95% confidence interval using the Students
oefficient.

These enthalpies of dissolution were used for calculating the
nthalpy of the reaction

0.5Lu2BaCuO5(s) + 1.5BaCO3(s) + 2.5CuO (s) + 0.21O2(g)

= LuBa2Cu3O6.92(s) + 1.5CO2(g)

rH5
◦(323.15 K) = + 347.6 ± 4.2 kJ mol−1,

where

rH5
◦=0.5ΔsolH1

◦+1.5ΔsolH2
◦ + 2.5ΔsolH3

◦−ΔsolH4
◦.

It is possible to write this equation if solution obtained after
issolution of mixture 0.5Lu2BaCuO5 + 1.5BaCO3 + 2.5CuO
nd solution obtained after dissolution of LuBa2Cu3O6.92 are
ssumed to be identical. The identical state of these solutions,
owever, needs some proof due to possible presence of vari-
us oxidation states of Cu (Cu2+, Cu3+) in LuBa2Cu3Ox. In
he present study the electronic spectra of solutions have been
nvestigated in the range of 104–3 × 104 cm−1 in air atmosphere.
t was shown that in experiments conducted in air the spectra
f solutions became identical in 1–2 min after dissolution was
nished.

Literature data for the heat of the reaction of
aO + CO2 = BaCO3 (�rH5

◦ (323.15 K) = −272.4 ± 1.5 kJ
ol−1 [16]) were used to calculate the enthalpies of the

ollowing reaction

0.5Lu2BaCuO5(s) + 1.5BaO(s) + 2.5CuO (s) + 0.21O2(g)

= LuBa2Cu3O6.92 (s)

rH5
◦ (323.15 K) = −61.0 ± 4.8 kJ mol−1.

Our experimental data and measured or estimated entropies
f all the substances employed in reaction above [16,18] permit
ne to conclude that the formation of Lu123 phase from the mix-
ure Lu2BaCuO5, BaO, CuO is thermodynamically favourable
t room temperature.
As it was mentioned in papers [7,8] the decomposition of
u123 takes place at temperatures higher than 900 ◦C. On

he basis of experimental data of this paper, earlier data mea-
ured by us for the reaction BaCuO2 + CO2 = BaCO3 + CuO

O6.92

−�H◦ (kJ mol−1)

0.5CuCl2 (soln) + 2.5H2O(soln) 464.7 ± 2.2
O (soln) 15.3 ± 1.3

51.1 ± 0.7
+ 3CuCl2(soln) + 6.5H2O(soln) + 0.21O2 (g) 730.7 ± 3.1
a2Cu3O6.92 (s) + 1.5CO2(g) −347.6 ± 4.2



116 N. Matskevich, T. Wolf / Thermochim

(
s
c
o

�

�

p
c
n
p

o
t
b

d
b

r

2

i

u
ρ

s
e
f
t

A

(
D
m
o

R

[

[

[

[

[

[

[

[

[

Fig. 2. The resistivity, ρ (T), of LuBa2Cu3O6.92 up to 300 K.

�rH5
◦ (323.15 K) = −201.1 ± 1.9 kJ mol−1 [19]) and mea-

ured or estimated entropies of the compounds [16], we
alculated the enthalpy and estimated the temperature of reaction
f Lu2BaCuO5 with BaCuO2 and CuO forming Lu123.

0.5Lu2BaCuO5(s) + 1.5BaCuO2(s) + CuO (s) + 0.21O2(g)

= LuBa2Cu3O6.92

rH7
◦ (323.15 K) = +45.9 ± 5.0 kJ mol−1.

This reaction takes place above 1067 K (∼=794 ◦C) where
rG7

◦ = 0 (PO2 = 1 bar).
Taking into account this result and data [7,8] about the decom-

osition of Lu123 at temperature higher than 900 ◦C, it can be
oncluded that the temperature field where Lu123 forms is rather
arrow. It was one of the difficulties encountered in preparing
ure ceramic Lu123.

There is increasing number of reports that superconducting
xides are unstable with respect to atmospheric H2O and CO2. A
ypical reaction for REBa2Cu3O7−δ [20] is given in the equation
elow, where the end products are the stable

REBa2Cu3O7−δ (s) + 1.5H2O(g) + 5CO2(g)

= 0.5RE2(CO3)3(s)+2BaCO3(s)+1.5[CuCO3. Cu(OH)2](s)

+yO2(g)

Morrs et al. [20] estimated �rG◦ = −355 kJ mol−1 for the
ecomposition reaction above with RE = Y, confirming the insta-
ility with respect to water and CO2.

It is possible to use our experimental data to calculate a similar
eaction for LuBa2Cu3O7−δ in the future.
.3. Resistivity

We have carried out an investigation of the electrical resistiv-
ty of a LuBa2Cu3O7−δ ceramic sample. ρ (T) has been measured

[
[

[

ica Acta 467 (2008) 113–116

p to 520 K using the four probe method [21]. Fig. 2 shows the
(T) dependence for the LuBa2Cu3O7−δ pure ceramics. Mea-

urements were carried out at rate 5 K/min. The value of the
lectrical resistivity equals 1 m� cm at 300 K, which is typical
or single-phase samples. The midpoint of the superconductivity
ransition is 92.1 ± 1.1 K (10–90%).
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