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Abstract 
The oxygen diffusion and exchange behaviour of NdBa2Cu307_ ~ is investigated by means of 

isothermal and dynamic-thermal analytical techniques. From the results it is concluded that oxy- 
gen anions move along vacancies in the CuO2-1ayers of the perovskite-like structure. In tempera- 
ture regions where the diffusion rate is low (665 K < T< 773 K) heterogeneous oxygen exchange 
reactions take place on the phase boundary. The higher the exchange rate the more the partially 
heterogeneous exchange is favoured in comparison to the completely heterogeneous isotope ex- 
change. Depending on the oxygen deficiency of NdBa2CU3OT_ x the out-diffusion of oxygen be- 
comes dominating at higher temperatures. 

Keywords: diffusion, isotope exchange, mechanism, neodym barium cuprate 

Introduction 

High-To superconducting oxides of the composition RBa2Cu307_ x (R- rare earth 
metal) crystallise in an oxygen-deficient layer structure with perovskite-like symme- 
try. The oxygen content of such cuprates may be varied between 0<_x_<l without 
damaging the perovskite structure. However, it has been proven by numerous X-ray 
and neutron diffraction analytical studies that 123 phases undergo an orthorhombic 
to tetragonal phase transition (OT transition) if the oxygen content falls below a cer- 
tain value of x-0.5 [1, 2]. Simultaneously, superconductivity disappears and the 
tetragonal cuprates exhibit antiferromagnetic and semiconducting properties. The 
critical oxygen content where the transition occurs depends on several parameters 
(rare earth metal, annealing conditions etc.) affecting the thermodynamics and ki- 
netics of the phase transition. Thus, the OT transition takes place at x-0.65 for 
YBa2Cu307_ x whereas tetragonal NdBa2Cu307_ x is formed at x-0.45 already [2]. 
Considering the crucial effect of the oxygen content on the properties of 
RBa2Cu307_x the detailed knowledge of the oxygen diffusion behaviour is of par- 
ticular importance for the preparation of materials with well-defined properties. 
The oxygen mobility in YBa2CuaOT_x was thoroughly investigated by means of iso- 
thermal measuring techniques [3-10]. Unfortunately, diffusion coefficients and ac- 
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tion energies determined as a function of different parameters (T, Po~, oxygen defi- 
ciency x) do not correspond to each other very well. Considerable differences may 
arise from different principles of measurement as well as from microstructural pe- 
culiarities of the 123 phases. Additional information on the diffusion behaviour and 
the interactions between solid cuprates and the gas phase can be received from dy- 
namic-thermal experiments. For this purpose a techni.~ue has been developed where 
the oxygen exchange between the solid oxide and an 180 enriched gas phase is ana- 
lysed by means of mass spectrometry [11]. From the variation of the isotopic com- 
position of the gas phase it is possible to draw conclusions on the mechanism of 
oxygen exchange and diffusion on the basis of the model of Musikantov et al. [12]. 
Moreover, temperature regions of enhanced oxygen mobility can be determined us- 
ing the very sensitive method. 

Here, we report on the investigation of the oxygen diffusion and exchange be- 
haviour of NdBa2Cu307_ x using dynamic-thermal and isothermal techniques. The 
combination of two complementary methods enables us to discuss quantitative 
(D, Ea) as well as qualitative (mechanism) aspects of oxygen diffusion processes. 
The Nd system is known to be more stable than the Y-123 phases, and it exhibits very 
high critical current densities in single crystals [13]. In spite of the considerable differ- 
ences between the ionic radii Nd may occupy Ba sites resulting in the formation of 
solid solutions of the composition Nd 1 +zBa2_zfU307_  x with a large variety of z [14]. 

E x p e r i m e n t a l  

Samples of NdBa2Cu307_ • were prepared by the conventional solid-state reaction 
between Nd203 (99.9%, Aldrich), BaCO 3 (99.99%, Aldrich) and CuO (99.98%, 
Aldrich). The starting materials were mixed in a vibrating mill and pressed into 
pellets of 10 mm diameter. The pellets were sintered for 50 h at 1123 K interrupted 
by three intermediate grindings. After this the samples were reground and annealed 
for 20 h at 623 K in flowing 02. The phase purity of NdBa2Cu307_ x was checked by 
XRD using a Guinier-de Wolff camera (Enraf-Nonius) at CuK~ radiation. The oxy- 
gen content of the samples was determined by iodometric titration [15]. Diffusion 
coefficients were calculated from the results of a coulometric titration technique in- 
troduced by Mozhaev et al. [6, 7]. About 70 mg of the sample were placed into a 
sample chamber under constant oxygen partial pressure and heated up to starting 
temperature between 623 and 673 K. After the equilibrium between the solid and 
the gas phase was achieved the temperature was rapidly increased by 20 K and the 
quantity of desorbed oxygen was detected by a coulometric cell based on a CaO sta- 
bilised ZrO2 electrode. This procedure was repeated in intervals of 20 K up to the 
thermal decomposition of the 123 phases. A detailed description of the method is 
given elsewhere [6]. 

The dynamic-thermal isotopic exchange between the cuprates and the 180 en- 
riched gas phase was investigated in a special glass vessel with separate control 

36 valves for the isotope gases ~202 (99.95 %, Messer-Griessheim) and O2 (99.9 %, 
IC Chemikalien). 600 mg of the sample were put on a sample holder consisting of 
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several plates in order to ensure the maximal contact between the solid and the gas 
phase. The sample was heated from room temperature to 773 K by a constant heat- 
ing rate of 10 K min -I. The initial oxygen partial pressure was adjusted to 40 Pa 
with a mole ratio of 3602:3202=3:1. The concentrations of all oxygen containing 
molecules in the system (H20, 3202, 340 2, 3602 and COz) were detected by a quad- 
rupole mass spectrometer (Balzers, QMG 421 I). 

Before starting, it is necessary to remove adsorbed molecules such as H20 and 
CO2 from the solid surface which disturb the oxygen isotope exchange during the 
measurement. For this purpose the samples have to be heated up to 573 K for at 
least 2 h at a pressure of 10 Pa. Usually, the temperature and time were chosen in 
such way that the oxygen content of the sample remains unchanged during the iso- 
thermal pre-treatment. 

On the methods 

The coulometric titration method 

The coulometric titration method is an evolved gas analytical technique which 
has been developed for determining diffusion coefficients in high-To supercon- 
ducting cuprates by Mozhaev et al. [6, 7]. The quantity of oxygen desorbed from a 
solid oxide during isothermal annealing is determined as a function of time. Diffu- 
sion coefficients are obtained from the experimental correlation between the con- 
version ct and the reaction time. The calculation is based on Fick's 2 nd law for 
spherical particles (Eq. (1)). 

f e e 6  r n2 2o2 1 

L ] n=l 

(1) 

r radius of a spherical particle 
-c time of the isothermal heat treatment 
c actual oxygen concentration ('~ > 0) in a spherical particle 
c o initial oxygen concentration ('c=0) in a spherical particle 
cf final oxygen concentration (x--%q) in a spherical particle 
D diffusion coefficient; D = D  o exp(-Ea/RT ) 

The calculation programme is based on an iterative method. Further mathemati- 
cal and experimental details are given elsewhere [6, 7]. On account of the very high 
sensitivity of the coulometric cell it is possible to detect slight changes of the oxy- 
gen partial pressure of the gas phase. Therefore, diffusion coefficients of 
RBa2Cu307_ x can be calculated from a variation of the oxygen content of Ax>0.02 
mole per formula unit. The result is not affected by desorbed CO2 or H20 as D val- 
ues obtained from thermogravimetric techniques nor by traces of impurities 
(BaCuO2, 211 phase etc.) which do not release oxygen during the measurement. In 
combination with isothermal heating the coulometric titration method enables us to 
determine quantitative diffusion parameters (D, Ea etc.) of RBa2Cu307_• as a func- 

J. Thermal Anal., 48, 1997 



1000 KEMNITZ et al.: OXYGEN DIFFUSION 

tion of temperature and the partial oxygen pressure. Usually, the volume diffusion 
of oxygen anions is slow in comparison to the oxygen exchange reactions on the 
solid-gas phase boundary. For this reason the time required for the establishment of 
equilibrium between the whole bulk and the gas phase is between 1 and 3 h depend- 
ing on the temperature of isothermal heating and the particle size of the analysed 
powder. The rate of the release of oxygen decreases with growing grain size of the 
sample resulting in the corresponding correlation between the experimental D val- 
ues and the granulometric composition of the samples [6, 7]. In contrast to the iso- 
thermal method with dynamic-thermal isotope exchange measurements the 
interactions between the surface layers of the oxocuprates and the gas phase are de- 
tected. Consequently, the isotope exchange equilibrium is already achieved after 
less than 20 rain. 

Dynamic-thermal isotope exchange 
As a result of the reaction between an 160 containing solid oxide and an leo en- 

riched gas phase three different types of oxygen molecules can be observed in the 
gas phase: 3202= 160160, 3402= 180160 and 3602=180180. The isotopic composition 
is changed by diffusion and oxygen exchange processes: 

(i) the escape of oxygen from the solid to the gas phase (out-diffusion) ~ 
(ii) the incorporation of oxygen from the gas phase into the solid structure (in- 

diffusion) 
(iii) the homogeneous oxygen exchange between 3202 and 3602 catalysed by the 

solid surface 
(iv) the partially heterogeneous oxygen exchange 
(v) the completely heterogeneous oxygen exchange 

These processes may take place separately or simultaneously depending on the 
analysed compound and the temperature. For this reason it is necessary to define 
appropriate coefficients to be able to distinguish between simultaneously occurring 
reactions [11, 12]. 

3602 

S = 
F36o ]i po 

(2) 

The coefficient s corresponds to the measured sum of partial oxygen pressures 
standardised to the initial value. It can be changed by diffusion processes only 
(Table 1). 

[34202]+[36021 
(3) 

C = 
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The coefficient c is a measure of the relative 180 content in the gas phase. The 
value of c decreases as a result of out-diffusion and heterogeneous exchange pro- 
cesses. It is independent of the rate of the homogeneous isotope exchange (Table 1). 

f E3402  i} E3402  t (4) 
Y= [ 32021+ E34~ + E 36~ eq- I3202] + [340 ] + [3602i 

The coefficient y describes the deviation of the isotopic composition of the gas 
phase from the equilibrium state. This deviation is represented by the difference be- 
tween the 340 2 content at equilibrium and the 340 2 content measured at t= i .  Hence, 
y approaches to zero if 340 2 is formed by isotope exchange reactions. 

v I?l l II I+E 6~ 
3402 [ [T] lt=o 

The coefficient v is a measure of the 340 2 partial pressure relative to the sum of 
1SO containing oxygen. A significant increase of v arises from the occurrence of all 
oxygen exchange reactions. However, v is nearly unaffected by diffusion processes 
on account of the fact that v does not depend on the320 2 content. 

The reaction between the 160 containing solid oxide and the 180 enriched gas 
phase leads to the variation of the isotopic composition of the gas phase during the dy- 
namic-thermal heating process. The resulting variation of the coefficients (Eqs (2-5)) 
is detected as a function of temperature. From these plots of s, c, y and v vs. T it is 
possible to conclude which diffusion and exchange processes take place in a certain 
temperature range (Table 1). It is reasonable to discuss the changes of the coefficients 
assuming that no isotope effect occurs in view of the rather high oxygen exchange ac- 
tivity and the high number of oxygen vacancies in the perovskite-like cuprates. 

Before analysing powdered samples the influence of the measuring conditions on 
the results has to be studied thoroughly [11]. First, it has been verified that the 

36 32 composition of the gas phase ( 0 2 : 0 2  as 3:1; po =10-200 Pa) remains constant 
during heating the empty glass vessel up to 823 I~. The influence of the heating 
rate, the oxygen pressure and the initial ratio of 3202:3402:3602 is described on the 
example of yttrium cuprates. A heating rate of 10 K min -1 and an oxygen pressure 
of 40 Pa have been established to be appropriate conditions for highly sensitive and 
reproducible measurements [11]. The effect of the grain size on the results of the 
dynamic-thermal measurements is less significant than that observed for the deter- 
mination of diffusion coefficients. Since with the isotope exchange experiments the 
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reaction between the surface layers of the solid oxide and the gas phase is investi- 
gated this method is primarily aimed to determine temperature regions of enhanced 
oxygen mobility and exchange activity, respectively. It is obvious that due to the de- 
crease of the oxygen generation rate with growing grain size the dimension of the 
variation of the isotopic composition is affected by the particle size of the analysed 
powder. On the other hand, the onset temperatures of the measured effects are in- 
dependent of the grain size if the method is sensitive enough to detect even slight 
changes of the isotope ra t io  3202:3402:3602 as in the case of mass spectrometry. 

Hence, the 180 isotope exchange technique applies to all solid oxides which are 
not irreversibly decomposed during the low oxygen pressure annealing treatment. 
Although no quantitative parameters of oxygen diffusion can be determined it is 
possible to characterise the diffusion and exchange behaviour of the analysed com- 
pounds depending on the composition and structural properties of the solid oxide. 
However, it is necessary to keep the measuring conditions constant in order to be 
able to compare the properties of different samples and to prevent a misinterpreta- 
tion of the measured effects. The diagrams obtained for different Y-123 phases 
were very characteristic and enabled us to identify X-ray amorphous YBa2Cu307_ x af- 
ter a thermal treatment in oxidising and non-oxidising gas atmosphere [11]. 

Results and discussion 

Figure 1 depicts the values of diffusion coefficients of NdBaECu3Ov_x (particle 
size between 10 and 50 ~tm) depending on the temperature at different oxygen par- 
tial pressures. Similar to other perovskite-like cuprates oxygen diffusion occurs 
very fast in NdBaECu3Ov_x. The experimental D values are even higher than those 
obtained for the Y-123 phases under identical conditions [6, 7], probably resulting 
from the more defective structure of NdBa2Cu307_ x. The activation energies of dif- 
fusion at low oxygen pressures are smaller than the E a values obtained from the Ar- 
rhenius plots at higher Po2 (Fig. 2). It should be noted that the number of vacancies 
in NdBazCu307_x decreases with growing partial oxygen pressure in the gas phase. 
Therefore, the results above are in complete agreement with the widely accepted va- 
cancy mechanism of oxygen diffusion in perovskite-like cuprates [4-7, 9-11, 16]. 
On the other hand, the diffusion coefficients seem to decrease with logpo 2 (Fig. 1) 
which is difficult to explain in terms of the vacancy mechanism. An inherent feature 
of evolved gas analytical methods is assumed to be responsible for the observed 
variation of logD with Po2. Diffusion coefficients of solid materials are calculated 
from compositional changes of the gas phase, i.e. from the oxygen desorption rate 
and the time required for the establishment of equilibrium. It is apparent that the 
quantity of oxygen desorbed in a certain time increases with the extra oxygen con- 
tent of cuprates. On account of the decreasing amount of mobile oxygen it becomes 
understandable why the calculated D values are diminished at low oxygen pressures 
in spite of the rising number of vacancies in the CuO2-1ayers. 

In order to get further information on the mechanism of the oxygen exchange 
process on the surface of NdBa2Cu307_x dynamic-thermal experiments were per- 
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Fig. 1 Correlation between the oxygen diffusion coefficients of NdBa2Cu3OT_ x and the recip- 
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formed. For theNd-123 phase the isothermal pre-treatment was performed at 773 K 
and at a 320 2 pressure of 40 Pa. After this the system was evacuated and cooled 
down rapidly to 300 K. This isothermal pretreatment changes the composition of 
the NdBa2Cu306.76 to oxygen-deficient orthorhombic NdBa2Cu306.55 

ionic current / 10 "12 A 

16 
Nd-123 

, I 

�9 �9 '0-32' 
J 

~ 'O-34' 

* 'O-36' 

12 

II rrl 

i 

i,@ �9 

4) �9 

! 

IV 
,ak' 

A" 

I t o~ . l l  

o 1 
370 470 570 670 770 

temperature I K 

Fig. 3 Change of the isotopic composition of the gas phase during the reaction with ortho- 
rhombic oxygen-deficient NdBa2Cu306.55 

Figure 3 illustrates the variation of the isotopic composition of the gas phase 
during the reaction with NdBa2Cu306.55 as a function of temperature. It can be seen 
that isotope exchange reactions start to occur above 600 K indicated by the signifi- 
cant reduction of the 3602 content which is accompanied by the formation of 340 2 
and 3202. Above 760 K the 3402 concentration is constant whereas [3602] ap- 
proaches to zero. More detailed conclusions can be drawn from Figs 4 and 5 illus- 
trating the variation of the coefficients s, c, y and v with growing temperature. Four 
temperature regions can be defined corresponding to the onset-temperatures of charac- 
teristic changes of the coefficients resulting from diffusion or exchange processes. 

Region I (535 K< T< 605 K) 

The decrease of s above 535 K is suggestive for the capture of oxygen from the 
gas phase into the solid. The coefficients c and y remain unchanged below 605 K 
on account of the fact that the three types of oxygen molecules (320 2 , 3402 and 3602) 
are incorporated into the structure with the same reaction rate. The slight increase 
of v (Fig. 4) can also be explained by the in-diffusion of oxygen. As long as no ex- 
change reactions occur the 3402 concentration is very small in comparison to the 
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3602 content�9 Consequently, the nearly negligible decrease of [3402]/2 does not af- 
fect v significantly, and the slightly growing coefficient v arises from the m-dlffu- 

�9 3 6  ' " slon of Oz only. Moreover, from Fig. 5 it can be seen that the increase of v in the 
first temperature region is negligible. Consequently, it is evident that neither homo- 
geneous nor heterogeneous isotope exchange processes take place between ortho- 
rhombic oxygen-deficient NdBazCu306.55 and oxygen below 605 K, after the ther- 
mal pre-treatment at 773 K as described above. 

Region H (605 K< T< 665 K) 

The coefficient s continues diminishing up to 665 K as a result of further capture 
of oxygen from the gas phase into the solid structure. Remarkably, the quantity of 
oxygen entering the bulk is rather low in spite of the considerable oxygen deficiency 
of the Nd-123 phase. The variation of s is quite moderate, and it does not exceed 
+10% during the whole measurement. In addition to s the coefficients c and y start 
to decrease above 605 K due to the reduction of the 1So content in the gas phase and 
the formation of 340 2 . That means that isotope exchange reactions occur although 
the oxygen exchange rate is rather slow below 665 K as indicated by the relatively 
slight increase of v (Fig. 5). On account of the small variation especially of c and y 
it is difficult to conclude which exchange process is favoured in this temperature re- 
gion. Remarkably, 320 2 is formed above 605 K whereas the total oxygen pressure 
decreases (Fig. 3). This effect can be explained by the occurrence of the completely 
heterogeneous isotope exchange only. However, the decrease of the coefficient y 
suggests that both heterogeneous exchange processes take place simultaneously 
(Table 1). In contrast to this, the homogeneous exchange reaction can be neglected 
considering the small increase of t h e  3402 concentration below 665 K. 

Region IIl (665 K< T< 773 K) 

At the beginning of the third temperature region the coefficient s is approxi- 
mately constant suggesting that the quantity of oxygen from the gas phase incorpo- 
rated into the solid is almost equal to the quantity of 320 2 released from the cuprate. 
Hence, between 665 and 726 K opposite diffusion processes occur with the same 
rate. Above 726 K the out-diffusion becomes dominating and s rises continuously. 

In contrast to s the other coefficients c, y and v vary substantially in this tem- 
perature region. From the accelerated formation of 340 2 and 3202 (Fig. 3) it is de- 
duced that the oxygen exchange rate is very high. The considerable increase of v as 
well as the rapid fall of c and y suggest that the partially heterogeneous isotope ex- 
change is dominating in comparison to the other exchange and diffusion processes. 
However, at the end of the third temperature region the smaller decrease of y indi- 
cates that the completely heterogeneous isotope exchange is enhanced again. Simul- 

of 02 is decelerated (Fig. 3), i.e. the contribution of the taneously, the formation 34 
homogeneous exchange is insignificant at higher temperatures, too. 
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Region IV (773 K< T< 813 K) 

Above 773 K the 3402 concentration achieves the equilibrium value and y be- 
comes zero. The coefficient c decreases slightly whereas v continues rising (Figs 4 
and 5). Taking into account the constant value of y = 0  it is evident that the com- 
pletely heterogeneous exchange is the only reaction responsible for the observed 
variation of c, y and v. In addition to this exchange process 3202 is released from 
the Nd-123 phase indicated by the significant increase of s. These conclusions are 
in full agreement with the variation of the isotopic composition (Fig. 3). The 3402 
content remains constant, so that homogeneous as well as partially heterogeneous 
isotope exchange reactions can be excluded. This 3402 concentration may be re- 
garded as equilibrium value. It has to be referred to the fact that this equilibrium 
state is determined by the measuring conditions as for instance the initial quantities 
of  320 2 and 360 2 or the heating rate. Nevertheless, it is obvious that the completely 
heterogeneous oxygen exchange is favoured if the exchange rate between the solid 
and the gas phase is limited as already observed in the low temperature region be- 
tween 535 and 605 K. At temperatures above 820 K 360 2 is exhausted and no more 
isotope exchange reactions would be detected. 

Conclusions 

The coulometric titration method as well as the dynamic-thermal isotope ex- 
change have been proved to be appropriate techniques for characterising the oxygen 
diffusion and isotope exchange behaviour of NdBa2Cu307_ x. From isothermal mea- 
surements it can be deduced that oxygen ions move along vacancies in the CuO2- 
layers similar to the diffusion mechanism in YBa2Cu307_ x. Dynamic-thermal ex- 
periments show that heterogeneous but nearly no homogeneous oxygen exchange 
reactions take place simultaneously with diffusion processes. The highest exchange 
rate is observed between 665 and 773 K where the partially heterogeneous ex- 
change is dominating. Hence, the oxygen mobility in NdBa2Cu307_ x is high in this 
temperature region although the oxygen pressure of the gas phase (coefficient s) 
does not vary significantly. The completely heterogeneous oxygen exchange is fa- 
voured if the exchange rate is limited by experimental conditions such as low tem- 
perature or a lack of 3602 in the gas phase. 

At higher temperatures oxygen is released from NdBa2Cu307_ x with a desorp- 
tion rate depending on the temperature, the partial oxygen pressure and the total 
pressure of the gas phase as well as on the composition of the 123 phase. A detailed 
study on the effect of the oxygen deficiency x and the degree of substitution of bar- 
ium by neodymium z on the diffusion and exchange behaviour of Ndl +zBa2_.zCU3OT_x 
is in progress. We will report on the results very soon. 
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