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The chemical diffusion in Nd,CuOd-B was measured by means of a thermomicrobalance in a temperature 
range of 6.50 to 900°C under oxygen pressure of 1 to 0.01 atm, using dense polycrystalline specimens. 
It was found that the relaxation after a step change in oxygen pressure from 0.3 to 0.01 atm was 
exponential, and the reduction rate coincided with that of oxidation. From this result, the relaxation 
was concluded to obey diffusion-controlled kinetics, and the chemical diffusion coefficient was deter- 
mined. The self-diffusion coefficient of oxygen and the oxygen vacancy diffusion coefficient were 
calculated from the chemical diffusion coefficient. The self-diffusion coefficient of oxygen in Nd,Cu04-s 
was slightly larger than that in perovskites, and lower than that of YBazCusOh,d. The vacancy diffusion 
coefficient of NdzCuOd-, is almost the same as that of perovskite-type oxides. o 1991 Academic press, h. 

1. Introduction 

It is well known that the electrical and 
superconducting properties of oxide super- 
conductors are strongly dependent on an- 
nealing conditions (I, 2). Temperature, oxy- 
gen pressure, and time are important factors 
for oxygen annealing. For example, 
Nd,,,,Ce,,,,CuO,-, samples annealed at 
1050°C in 0.3 atm of oxygen and quenched 
in liquid nitrogen exhibit semiconducting 
properties, while those annealed at 1000°C 

fusion coefficient L? and sample thickness 1, 
by an equation 6t = 1’ (5). So the determina- 
tion of chemical diffusion coefficient is im- 
portant. 

The first purpose of the present paper is to 
determine the chemical diffusion coefficient 
for Nd,CuO, Pa . The second one is to calcu- 
late the self-diffusion coefficient and the va- 
cancy diffusion coefficient from the chemi- 
cal diffusion coefficient, in order to 
elucidate the diffusion mechanism. 

in 1O-4 atm of oxygen and quenched are 
superconducting (3). The YBa,Cu,O,-B 2’ ExPerimental 
samples quenched from high temperatures 2.1 Sample Preparation 
such as 850°C show semiconducting proper- 
ties, while those slowly cooled to the room 

One molar aqueous solutions of Nd(N03), 

temperature are superconducting (4). 
and Cu(NO,), were mixed in a ratio of 2 : 1 

The length of time t necessary for oxygen 
and an oxalic acid-ethanol solution was 

annealing is estimated from the chemical dif- 
added so that a water to ethanol ratio of 1 : 3 
was obtained to complete the coprecipita- 
tion. The aging was carried out at pH 2 for 

* To whom correspondence should be addressed. one night with stirring. After the filtration, 
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the precipitate was dried at 110°C for several 
hours and decomposed into oxide at 400°C 
and ground. Then, the oxide was heated at 
1000°C for 18 hr for the homogenization and 
examined by means of an X-ray diffracto- 
meter to confirm a single phase (6). 

Samples for use in diffusion measure- 
ments were fabricated by pressing 
Nd,CuO,-, powder into pellets at a pressure 
of 400 kg/cm2 and sintering them in air at 
1000°C for 72 hr. The cross section of pellets 
was examined by means of a SEM (scanning 
electron microscope) to inspect the micro- 
structure, and the density was determined 
by the Archimedes technique. 

2.2 Thermogravimetric Measurement 

The oxygen nonstoichiometry and chemi- 
cal diffusion were measured by means of a 
vacuum microbalance apparatus equipped 
with a Shimazu TGA-41 microbalance. 

In order to determine the reference point 
of oxygen nonstoichiometry, the oxygen 
content of powder samples annealed at 
500°C in 1 atom of oxygen for a long period 
was determined by iodometry. An amount 
of powder oxide with known oxygen non- 
stoichiometry was then placed in a platinum 
basket, suspended from the microbalance, 
and the equilibrium weight was measured as 
a function of temperature and oxygen partial 
pressure. The measurement was carried out 
in a temperature range of 500 to 1000°C and 
an oxygen partial pressure range of 1 to 0.01 
atm. 

The measurements of chemical diffusion 
were performed using sintered pellets with 
high relative densities. The size was 9.30 ? 
0.02 mm in average diameter and 2.18 f 
0.02 mm in average thickness. A pellet was 
suspended from the microbalance and equil- 
ibrated under a predetermined temperature 
and oxygen partial pressure. The pressure 
was then changed stepwise, and the weight 
change was followed until it reached a new 
equilibrium. The oxygen partial pressure 
was changed from 0.3 to 0.01 atm in the 
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FIG. 1. Oxygen nonstoichiometry of Nd2Cu04-s as a 
function of oxygen partial pressure and temperature. 

reduction run, and it was reversed in the 
oxidation run. 

When the effect of oxygen deficiency, 6, 
on the chemical diffusion coefficient was 
studied, the pressure step was chosen so 
that the oxygen deficiency changed from 6 
- 0.0025 to 6 + 0.0025. 

3. Results and Discussion 

3.1 Oxygen Nonstoichiometry 

The oxygen content of the reference sam- 
ple was determined as 4.00 + 0.004 by chem- 
ical analysis. The oxygen deficiency 6 in 
Nd,CuO,_, is illustrated in Fig. 1 as a func- 
tion of log PO,. As seen in this figure, 6 
increases with the decrease in log PO, and 
increase in temperature, but the deficiency 
is only 0.04 even when the temperature is as 
high as 950°C and the oxygen partial pres- 
sure is 4 x lo-* atm. This value is much 
smaller than that of YBa,Cu,O,-, (7). 

3.2 Chemical Diffusion Coefficient 
of Oxygen 

Figure 2 shows a SEM image of the cross 
section of specimen. Clearly, pores are 
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FIG. 2. SEM micrograph of fractured surface. 

small and isolated. The relative density ciency on relaxation rate the pressure step 
found by the Archimedes technique was was chosen so that the deficiency could 
94.8%, which is in agreement with the SEM change from 6 - 0.0025 to 6 + 0.0025. Fig- 
observation. ure 5 gives the relaxation curves for 6 = 

Figure 3 shows the relaxation curves 
when the oxygen partial pressure was de- 
creased stepwise from 0.3 to 0.01 atm. The r-O 
ordinate gives the normalized weight change 

0.--- 650°C 

{W(t) - W(m)}/{W(O> - W(m)}, where W(O), g Om8 
*---- 750°C 

W(t), and W(w) are the weights of specimen 
TJ---- 800°C 

1 
at times of zero, t, and m, respectively. It go.6 0.--- 850°C 

is evident that the relaxation rate increases 1 o---. 900°C 

with increasing temperature. 80.4 

Figure 4 shows the comparison of relax- 5 
ation curves in oxidation and reduction b 0.2 

runs. The curves coincide with each other, 
and it is concluded that the relaxation is 0 

controlled by the diffusion of oxygen in 
240 480 720 960 1200 1440 

Nd,Cu04-8. 
tjsec 

In order to investigate the effect of defi- FIG. 3. Relaxation curves at different temperatures. 
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angular specimen the size of which is 2a x 
2b X 2c, the approximation yields (8) 

where the left side is the normalized weight 
change and fi is the chemical diffusion coef- 

= = = 240 480 720 960 1200 1440 ficient. Setting d 2a 2b and 1 2c, one 
t/set has 

FIG. 4. Relaxation curves in oxidation and reduction w(t) - W(m) 512 2 
runs. W(O) - W(m) = pexp ;ti 

0.0225, 0.0250, and 0.0275 at 900°C. Evi- 
dently, the relaxation rate is independent of 
6. 

Under the boundary condition of tablet, 
the diffusion equation can not be solved ex- 
actly, so an approximation solution is neces- 
sary. The tablet has a diameter of 9.30 mm 
and a thickness of 2.18 mm, so the diffusion 
occurs maily through the top and bottom 
surfaces. As the first approximation, the so- 
lution for a plane sheet is applicable. It is 
better to take into account the contribution 
of diffusion from edge. In the case of a rect- 

1.0 

i; 0.8 

F 

p 0.6 

\ 
x 
8 0.4 

F 
2 
E 0.2 

o---- 6 = 0.0225 

A---- 6 = 0.0250 

III---- 6 = 0.0275 

120 240 360 480 600 720 
t/set 

+ 1 
l2 1 1 

dt ) (2) 

where d and 1 are the diameter and thickness 
of pellet. Replacement of a and b by d means 
that the circular section is approximated by 
square one. Since l/l2 is 21.0 cmP2 and 2/d2 
is 2.31 cme2, the term l/Z2 is about 10 times 
larger than 2/d2, so the square approxima- 
tion does not affect the result of the calcula- 
tion very much and Eq. (2) was adopted for 
the calculation of 6. 

When d and 1 are fixed, the normalized 
weight can numerically be calculated as a 
function of fit. Also, the normalized weight 
can experimentally be determined as a func- 
tion of time. Therefore one can obtain a 
relation between dt and t. As seen in Fig. 
6, all the plots ofLit vs tare straight and pass 
through the origin. The chemical diffusion 
coefficient fi is determined from the slope 
of the plots, and is given in the second col- 
umn in Table I. If fi and E are known, the 
equation dt = l2 provides t, which is a mea- 
sure of time necessary for oxygen annealing. 

Since Nd,CuO,_, is anisotropic, the 
chemical diffusion coefficient in the direc- 
tion of the c-axis, fiMc, would differ from 
that in the ab-plane D,, . Oxygen seems to 

FIG. 5. Relaxation curves for samples with different diffuse via vacancies in the O-plane sand- 
s. wiched between two Nd layers, so B’ab 
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,800”C 

FIG. 6. Relation between t and fit 

would be higher than DC, since the speci- 
mens employed in this study were polycrys- 
talline and 8 is a mean value of Lj’, and 8,, . 

In the case of diffusion in anisotropic me- 
dia, the diffusion coefficient D, at right 
angles to surfaces whose normals have di- 
rection cosines 1, m, y1 relative to the princi- 
pal axes of diffusion, is given by (10) 

D = 12D, + m2D2 + n2D,, (3) 

where D, , D, , and D, are the principal diffu- 
sion coefficients. In a Nd,CuO,-, single 
crystal D, = D, = D,, and D, = D, , so 

D = (sin2 @Da, + (cos2 0)D,. (4) 

Eq. (4) over a hemisphere in the direction 
of diffusion. Accordingly the dffusion coef- 
ficient D can be expressed as 

Since D,, > D, for Nd,CuO,-, , D appears 
to be close to Dab. Accordingly 6 is consid- 
ered to be close to fi,, . 

Figure 7 gives the Arrhenius plot for fi. It 
is expressed by 

d(cm2sec-‘) = 5.31 

(6) 

3.3 Self-Diffusion Coefficient of Oxygen 

The self-diffusion coefficient 0: is calcu- 
lated from the chemical diffusion coefficient 
L5 using (10) 

where ai and Ci are the activity and concen- 
tration of species i, respectively. In the pres- 
ent study, the diffusing species is considered 
to be oxygen, so Eq. (7) becomes 

(8) 

The sample is polycrystalline, so the diffu- 
sion coefficient is obtained by integrating 

TABLE I 

DIFFUSION COEFFICIENTS OF OXYGEN 
*- 
I” 
?I 

Temp “5 -5 

(“C) &cm* set-‘) D*(cm* set-‘) D,(cm* see-‘) JZ 

z 
900 2.39 x 10-j 4.89 x lo-* 7.19 x 10-C 
850 1.53 x IO-’ 2.76 x lo-* 5.17 x 10-e 
800 9.51 x 1O-6 1.27 x lo-* 3.24 x 1O-6 -6 

750 7.54 x 10-G 7.41 x 10-g 2.57 x 1O-6 
700 5.75 x 1O-6 3.29 x 1O-9 1.90 x 10-h 
650 2.40 x 1O-6 8.84 x lo-‘O 7.49 x 1O-7 

8 9 10 11 
T-l/10--%-1 

FIG. 7. Arrhenius plot for fi. 
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LaFe03 LaFeO3 

7 8 9 10 11 

T-1/10-4K-1 

FIG. 8. Arrhenius plot for D*. 

where PO, and Co are the oxygen partial 
pressure and the concentration of oxygen 
atoms in the oxide, respectively. Since (a log 
Po,ld log Co) is calculated from the oxygen 
nonstoichiometry data shown in Fig. 1, D* 
can be calculated from D. The self-diffusion 
coefficients D” calculated in this way are 
given in the third column of Table I, and 
the Arrhenius plot is shown in Fig. 8. The 
equation is 

D*(cm2 set-‘) = 8.51 

x 10e2 exp - (9) 

For comparison, D* of several perovsk- 
ite-type oxides are also shown in Fig. 8 (7, 
11, 12). As seen in the figure, D* of 
Nd,CuO,_, is slightly larger than those of 
perovskites. 

In the case of YBa,Cu,O,,, , the oxygen 
atom migrates on the oxygen lattice points 
of the Cu(I)-0 plane. The self-diffusion co- 
efficient of YBa,Cu,O,,, is also given in the 
same figure. The self-diffusion coefficient of 
Nd,Cu04-, is not so large as that of 

3.4 Vacancy Diffusion CoefJicient 

The chemical diffusion coefficient of oxy- 
gen can be converted to the vacancy diffu- 
sion coefficient D, by (13) 

where C, is the concentration of oxygen va- 
cancies. The result is given in the fourth 
column of Table I. The Arrhenius plot for 
D, is given in Fig. 9 together with the data 
of other perovskite oxides (II, 12). The plot 
is expressed by the equation 

D,(cm2secc1) = 1.63 

X 10d2exp - (11) 

It is noteworthy that D, of Nd,CuO,-, is 
close to those of other pervoskites. 

Equation (10) is expected at high devia- 
tion from stoichiometry. Wagner derived an 
equation relating D and D, at low defect 
concentrations (14) 

6 = (1 + z)D, , (12) 

where z is the valence of the diffusion ion. 
For an oxide ion, z = 2, so the following 
relation is expected, 

7.0 8.0 9.0 10.0 11.0 
T-l/lo-4K-l 

YBa,Cu,O,-, . FIG. 9. Arrhenius plot for D, 
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6 = 30,. (13) 
In Eqs. (6) and (11) the activation energies 
are the same. So comparison of the preexpo- 
nential term gives B/D, = 3.25, which is 
remarkabley close to 3, expected from Eq. 
(13). 

In Nd,CuO,-, , the oxygen vacancies 
seem to be located mainly on the O-plane 
and interchange their positions with the 
neighboring oxygen atoms. If the O-plane is 
shifted c/3 in the c-axis direction, the oxy- 
gen sublattice coincides with that of the 
CuO, plane. Therefore, the path of oxygen 
vacancy is similar to that in perovskites. 
This would be why D, of Nd,CuO,-, has 
nearly the same value as perovskites. 

4. Conclusion 

(i) The chemical diffusion coefficient D of 
oxygen in Nd,CuO,-, was determined by 
the relaxation method. It was found that the 
temperature dependence of D is expressed 
by the equation 

D(cm2sec-‘) = 5.31 

X 10W2exp - 

(ii) The self-diffusion coefficient of oxy- 
gen D* was calculated from D. The tempera- 
ture dependence of D” was found to be ex- 
pressed by 

D*(cm2sec-‘) = 8.51 

X lop2 exp - 

(iii) The diffusion coefficient of the oxy- 
gen vacancy D, was calculated from D. The 
temperature dependence of D, was found to 
be expressed by 

D,(cm2 set- ‘) = 1.63 

X 10m2exp - 

The activation energies and preexponential 
term of D, were nearly the same as those of 
perovskites. 
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