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Oxygen Stoichiometry and Surface Treatment Effect on 
Electromigration Stability of High-Tc 

TI2Ba2CuOs+x Superconductor 
V.V. Dyakin, V.S Yefanov, M.A. Tanatar, A.L Akimov, and A.P. Chernyakova 

Electromigration stability of Tl2Ba2CuO6§ ceramics is shown to decrease significantly when the mate- 
rial is treated in water vapor atmosphere. The Tc decrease in these samples is accompanied by a resistance 
increase, while the Seebeck coefficient, S, remains unchanged. The authors conclude that the main effect 
comes from grain-boundary degradation under the water vapor treatment. For initial samples, elec- 
tromigration stability strongly depends on the sample oxygen doping level and increases for materials 
with higher oxygen content. The effect is assumed to be due to the filling ofinterstitials in TI-O layers by 
oxygen atoms. 
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1, Introduction 

OXIDE high-T c superconductors are known to be metastable 
compounds and to degrade quickly under the influence of  am- 
bient factors--primarily water vapor and carbon dioxide, dif- 
ferent chemical reagents, and thermal cycling (Ref 1, 2). Rajan 
et al. (Ref 3) have shown that the compounds may degrade un- 
der long-term high-density current flow as well, and the phe- 
nomenon of electromigration was shown to proceed even under 
superconducting current (Ref 4). Recently, Mitin et al. (Ref 5) 
have shown that an electromigration treatment at the liquid ni- 
trogen temperature allows the T c of  the compound 
T12Ba2CuO6+ x to be increased significantly. 

It is known that at low temperatures (T < 0.5T m, where T m is 
the melting point of  the material) the main mechanism for atom 
movement in metals is grain-boundary migration (Ref 6). 
Therefore, it is of  interest to study the effect of  grain-boundary 
treatments on the electromigration process in high-T e oxide su- 
perconductors. 

This article reports on electromigration studies in 
T12Ba2CuO6+ x compound at room temperature. This com- 
pound was chosen because o f ( l )  the very high sensitivity of  its 
T c and normal-state properties to oxygen stoichiometry (Ref 7, 
8), (2) the possibility of obtaining oxygen-overdoped materials 
with bipolar conductivity and thus of  studying possible elec- 
tron wind effects, and (3) the lack of  vacancies in the T1-O lay- 
ers, in contrast to YBa2Cu3WT_ x. The presence of  the vacancies 
is known to promote accelerated ion movement in solids (Ref 
9), so it can be assumed that their presence can support acceler- 
ated degradation of  these materials. 
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2. Experimental Method 

High-density ceramics obtained by a two-stage solid-state 
reaction were used in the studies. The samples were obtained 
by mixing BaCO 3 and CuO in a 2:1 molar ratio and sintering 
the mixture at 1123 K in air for 2 h. This precursor was ground, 
mixed with T1203 in a 1.4:1 molar ratio, pressed into pellets 16 
to 20 mm in diameter, and sintered at 1123 K for 8 h in an oxy- 
gen flow (Ref 10). Sample bars with dimensions of nearly 10 by 
0.5 by 1 mm were saw cut from the pellets and then ground to 
the typical 10 by 0.3 by 0.1 mm dimensions used in the studies. 

Eight ohmic indium contacts were alloyed by an ultrasonic 
soldering procedure along the sample length; contact resis- 
tances were typically below 0.1 f2 (see the inset in Fig. la). Re- 
sistance (R) measurements were performed by passing constant 
probe current (usually 1 mA) through the outer pair of  contacts 
(A and C, Fig. la) and measuring the voltage drops between the 
pairs of  inner contacts: 1 and 2, 2 and 3 .... 5 and 6 (R12, R23 .... 
R56, respectively). As is typical in resistance measurements, 
probe current direction was reversed and the values obtained 
were averaged. Resistance temperature dependences were 
measured by programmed cooling of  a sample at typical rates 
of 1 K/min down to the liquid nitrogen temperature and 0.1 to 
0.2 K/min down to the liquid helium temperature. The value of  
T c was determined as a point of  the maximal derivative dRIdT 
value (Fig. la). Reproducibility of  the R(T) curves for different 
parts of  the samples shows that it can be estimated to be the 
same within _+0.2 K throughout the sample length. 

Four sample types were used in the studies. As-grown sam- 
ples (1 i) had superconducting transition temperatures, Tc, of  20 
+ 0.5 K. To obtain higher T c, some as-grown pellets were an- 
nealed at 620 to 670 K for 6 to 12 h in an argon ambient. The 
best samples obtained (labeled 2i) had T c values of  82 + 0.5 K 
(Fig. lb). Resistivity, p, for both samples was in the range of  1 
to 3 x 10 -3 f2. cm. Some of  the 1 i and 2i samples, after alloying 
contacts, were treated in saturated water vapor ambient at room 
temperature for 48 h. Before this treatment, a vessel with the 
sample was evacuated to remove residual carbon dioxide. After 
removal from the vessel, the sample was dried by heating at 373 
K in vacuum for 15 min. The samples obtained (labeled HI /  
and H2i for li and 2i, respectively) had the same T c as the initial 
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technique of the T c determination. Inset shows contact geometry used in the electromigration studies. (b) R(T) curves for samples of 
T12Ba2CuO6+ x (1) as grown and (2) heat treated in argon ambient at 670 K. The notations i, c, and a refer to initial samples and to the cath- 
ode and anode regions of current-treated samples, respectively. 
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Fig. 2 Block diagram of the setup used for thermopower meas- 
urements. Q1 and Q2, quartz blocks; TC, copper-constantan dif- 
ferential thermocouple; X and Y, X and Y inputs of the plotter 

samples, but their resistivity was higher (typically by 5 to 
10%). 

To study the effect of  current flow on sample properties, a 
direct current of 0.2 to 2 A--cal led electromigration (EM) cur- 
rent hereafter--was passed through the sample in the direction 
from the anode (A) to the cathode (C) (Fig. la). The voltage 
drop at the inner contacts was controlled, and EM current was 
regulated in such a way that the sample temperature increase, 
determined from the resistance change, was always below 10 
K. Periodically, EM current was switched off and R(T) curves 
were measured on different parts of  the sample. Resistances for 

parts of  the samples lying close to the A and C current leads 
(namely, 1 and 2, and 5 and 6, respectively) were found to 
change most significantly during current flow and are dis- 
cussed hereafter as the anode (a) and cathode (c) regions of the 
samples, respectively. 

Electron probe microanalysis (EPMA) of the samples was 
performed using a JCXA-733 (JEOL Japan) analyzer at a 
probe voltage 15 kV. Metallic thallium and YBa2Cu3OT_ x sin- 
gle crystals were used as standards for thallium and for barium 
and copper determination, respectively. The composition of  the 
ceramics was measured by using a large electron beam spot (50 
I.tm in diameter) at three different points of  the sample surface 
and averaging the results. The data were represented as relative 
changes of  sample composition with respect to untreated sam- 
ple li. The accuracy of this relative element determination was 
estimated to be +5%. 

Seebeck effect, S, studies were performed using an alternat- 
ing gradient technique (Ref 11) on the initial samples and on 
parts of  the samples cut after the electromigration treatment 
from the sample bar--an anode region (a), lying between con- 
tacts 1 and 2, and a cathode region (c), lying between contacts 
5 and 6. Temperature gradients were created by heating one of  
the quartz bars (Q1 and Q2, Fig. 2) and were transmitted to the 
sample (S) through a 100 Ixm diam gold wire. The value of  the 
temperature gradient was measured with a copper-constantan 
differential thermocouple (TC) with a sensitivity of  ix. The 
voltage signals from the sample and the thermocouple were 
supplied to an X - Y  plotter, and the loop was drawn by alternat- 
ing heating of  the quartz bars. The Seebeck coefficient, S, was 
determined from the slope (angle % Fig. 2) of  the linear part of  
the loop, according to: 

S = tx x tgtp -Sgoz d (Eq 1) 
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where tg is tangent and the values of Sgol d were taken from the 
literature (Ref 12). The apparatus was calibrated with a 99.99% 
pure lead sample. The relative accuracy of the S measurements 
was estimated to be +0.1 I.tV/K. 

3. Results and Discussion 

The electrical current flow (current density j below 3 
]~./cm 2) leads to significant changes in sample properties (Ta- 
ble 1). The most interesting effect is the increase in T c up to 2.5 
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Fig. 3 Resistance versus temperature curves for T12Ba2CuO6+ x 
sample 1: as grown (1i), after water vapor treatment (HI/), and 
after EM current treatment (H lc and H 1 a) 

K at the cathode (R56, 2c, Fig. 3) and its decrease by nearly the 
same amount near the anode (g12, 2a, Fig. 3) after passing an 
electrical charge, Q, of 10 x 106 C/cm 2 through the sample 2i, 
similar to the results of Mitin et al. (Ref 5). For the sample H2i, 
the resistivity increases homogeneously along the sample 
length at a rate of 10-1~ - cm/cm, and T c decreases by 2 to 2.5 
K after passage of 106 C/cm 2 (Fig. 3, curves H2a, H2c) and by 
almost 6 K for 10 x 106 C/cm 2. At the same time, changes in T c 
for sample l i  after passage of 10 x 106 C/cm 2 charge never ex- 
ceeded 0.5 K; for the water-vapor-treated sample, H1 i, a mo- 
notonous T c decrease and resistivity increase were found. 
Reference samples of 1 i, 2i, H 1 i, and H2i shows changes in nei- 
ther resistivity nor T c when stored for the time of electromigra- 
tion treatment, allowing us to ignore degradation of the 
samples due to the ambient effect during storage. 

To study the origin of T c changes, the chemical composition 
along the length of the samples was studied by means of the 
EPMA technique (see Table 1). The results show that concen- 
trations of the heavy atoms (thallium, barium, and copper) re- 
main unchanged within experimental uncertainty for all four 
sample types. Because the oxygen content is rather difficult to 
determine with sufficiently high accuracy in this experiment, it 
was estimated qualitatively by using the room-temperature 
Seebeck coefficient, S. The S value in the cathode region in- 
creased from 2.7 to 3.5 ~tV/K. This increase is typical for the 
decreased oxygen doping level in the materials due to the lower 
oxygen content (Ref 8). In the anode region of the sample, S de- 
creased to 2.3 ~tV/K, suggesting a higher oxygen doping level. 
For the other samples, the S value generally was unchanged. 

The results obtained show that for the water-vapor-treated 
samples, the decrease in T e and the increase in resistance are 
typical, although S remains unchanged. This behavior may be 
related to the degradation of the sample grain boundaries, not 

Table I Parameters  of  the electrical current treatment and changes in the Tl2Ba2CuO6+x sample  properties and chemical  
composition 

TI Ba Cu 
Sample type N j, kA/cm 2 Q, MC/cm 2 p, mf~. cm To, K S, ~tV/K Relative units 

li . . . . . .  1.2 20.2 -2.2 1.00 1.00 1.00 
lc 1 1.2 1 1.2 20.2 -2.2 1.02 0.98 0.98 
lc 2 1.2 10 1.1 20.2 -2.2 1.03 1.02 1.03 
le 3 2 10 1.1 20.4 -2.3 0.97 0.96 1.04 
la 1 1.2 1 1.2 20.2 -2.2 1.03 1.02 1.02 
la 2 1.2 10 1.1 20.2 -2.2 1.05 1.03 1.05 
la 3 2 10 1.1 20.1 -2.1 0.98 0.98 0.97 
2i . . . . . .  2.5 83.5 +2.7 1.00 1.00 1.00 
2c 1 1.5 1 2.5 84.5 +2.9 0.98 1.02 1.02 
2c 2 1.5 3 2.6 85.2 +3.2 0.98 1.03 1.03 
2e 3 1.5 10 2.6 86.0 +3.5 0.96 1.04 0.98 
2a 1 1.5 1 2.5 83.0 +2.5 0.97 1.05 0.97 
2a 2 1.5 3 2.5 82.5 +2.4 0.98 1.03 1.03 
2a 3 1.5 10 2.4 82.0 +2.3 1.00 0.97 1.00 
HIi . . . . . .  1.3 20.2 -2.2 1.03 0.98 1.03 
Hie 1 1.4 1 1.5 19.0 -2.2 1.04 1.02 1.05 
Hie 2 1.4 10 2.1 17.0 -2.2 0.98 0.98 0.97 
Hla 1 1.4 1 1.7 18.7 -2.2 0.97 0.98 0.98 
Hla 2 1.4 10 2.0 17.4 -2.2 1.02 1.04 0.97 
I-I2/ 2.7 83.4 +2.5 0.96 1.04 1.00 
H2c 1 212 1 3.5 82.2 +2.5 0.97 0.98 1.02 
H2e 2 2.2 10 5.1 78.0 +2.5 0.98 1.03 0.98 
H2a 1 2.2 1 3.7 81.7 +2.5 0.95 1.03 1.03 
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the grains. Increased resistance of  the samples after vapor treat- 
ment is strong evidence that some perturbations of  the grains 
take place, probably promoting further sample degradation at 
the grain boundaries. 

From the untreated samples we can conclude that, as a result 
of  the EM current treatment, oxygen atoms migrate from the 
cathode toward the anode - - in  accordance with the oxygen an- 
ion negative charge, but contrary to the electron hole flow di- 
rection in the material. This may suggest that the electronic 
wind phenomenon is not of  prime importance for such layered 
compounds, in contrast to organic conductors such as 
ET3AgxI 8 (Ref 13). Strong dependence of  the effect on the 
grain-boundary treatments allows us to conclude that an impor- 
tant role may be played by local overheating in the weak inter- 
granular links and/or the creation of  nucleation centers for new 
phase formation by the adsorbed water molecules. The same 
may be evidenced by the much larger effects observed in the 
TI2Ba2CuO6+ x compound cooled to the liquid nitrogen tem- 
perature (Ref 5), because much higher current densities were 
used in these experiments. 
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