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We conducted experimental and theoretical investigations of the diffusion of tracer oxygen atoms
in YBa,Cu;0,_ ;s in isochronous and isothermal annealing. We demonstrate that in specially
selected conditions of annealing samples in gaseous oxygen enriched with the 180 isotope, %0
atoms are consecutively substituted for '°0 atoms in the positions and planes of different

types in the oxygen sublattice of the compound. The observed position-planar effect is used to
extract information about the diffusion mechanism and to determine the heights of the

energy barriers, which characterize the isotopic exchange inside the crystal and at the gas—solid
interface. By means of this technique we obtain a much fuller set of diffusion parameters

than is done in conventional approaches. We show that high-T. superconducting oxides with a
quasiplanar structure and an anomalously high anisotropy of the diffusion properties

must be distinguished as a special class of diffusion systems for which the phenomenological
Fick equations are inadequate to describe the diffusion of oxygen in ordinary
temperature—temporal annealing conditions. We suggest an alternative approach to describe

diffusion in such systems.

1. INTRODUCTION

For high-T. superconducting oxides with a quasiplanar
structure the information about the diffusion processes and
defects in the oxygen subsystem obtained from diffusion
measurements is quite limited. With conventional methods it
is impossible to derive from the experimental data a com-
plete set of values of the heights of the energy barriers and
the hopping rates, which characterize the migration of oxy-
gen atoms. For instance, when there is diffusion in a
YBa,Cu;0,_ 45 crystal in the direction of the z axis, the fol-
lowing oxygen-atom hopping sequence is possible between
positions: O1 or O5 (the CuO, _4 plane) — 04 (BaO) — 02
or 03 (Cu0O,) — 02 or O3 (CuO,) — 04 (BaO) — O1 or
05 (CuO,_y). Here, in reality, the temperature dependence of
the diffusion coefficient D,, yields only the value of the ac-
tivation energy that characterizes the highest energy barrier
in the diffusion along the z axis. The absence of data on the
heights of the other potential barriers makes it impossible to
identify in a unique manner the diffusion mechanism and the
type of defects responsible for the migration of atoms.

In this paper we suggest an alternative way of studying
the diffusion of tracer oxygen atoms in high-T, supercon-
ductors with a quasiplanar structure. The underlying method
is that of isochronous sample annealing. This approach has
found the widest acceptance in studying the behavior of non-
equilibrium point defects in solids! where defects of several
types are present. Often the researcher is able to select ex-
perimental conditions such that practically complete anneal-
ing of defects of each type is localized in a narrow tempera-
ture range. This enables one to identify several elementary
stages in the complex process and the characteristics of each
stage, e.g., the activation energy. In experiments of this kind
the kinetics manifests itself in the appearance of several
peaks on the curve representing the temperature (T) depen-
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dence of dc/dT, where ¢ is the defect concentration in the
sample, and T is the sample temperature.

We used the isochronous annealing method to study the
isotopic exchange in oxygen between the high-T, supercon-
ducting crystal and the gas phase enriched with the 180 iso-
tope. The existence of several types of equilibrium positions
for the oxygen atoms in such crystals suggests that the kinet-
ics of substitution of ®0 atoms for '°0 atoms is similar to
that observed in the annealing of nonequilibrium point de-
fects in solids. Here three types of substitution effects are
possible: position, planar, and position—planar. Position ef-
fects are characterized by consecutive substitution of the
equilibrium positions of each type in the lattice. For such
kinetics the number of isochronous annealing peaks on the
dc/dT vs T curve (c is the concentration of the 30 isotope
in the sample) and the number of equilibrium-position types
in the high-T, superconducting crystal must coincide. In the
case of planar effects the 30 atoms consecutively occupy
certain crystallographic planes. Position—planar effects cor-
respond to mixed kinetics.

Multiple isochronous annealing peaks can be observed
during isotopic exchange only if the activation energies of
the various processes differ considerably. In this sense
high-T, superconducting compounds with a quasiplanar
structure are unique objects with a record-breaking anisot-
ropy of diffusion coefficients and a marked difference in the
activation energies for the &,, and &, . In yttrium and bis-
muth high-T, superconductors the ,,/%,, ratios are
10°-10° for tracer oxygen atoms, and the diffusion activation
energies in the basal planes and along the z axis differ more
than by 1 eV (see Refs. 2-5).

The experimental setting and the data processing method
were based on a meaningful microscopic model of the phe-
nomenon. The choice of features of the model depended on
the specifics of the diffusion processes in the system, which
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was characterized by highly anisotropic diffusion coefficients
and the presence of several equilibrium-position types.

2. THE EXPERIMENT
2.1. Samples

In our experiment we used an yttrium superconductor
with 123 composition. In choosing the parameters of the
sample we allowed for the fact that the kinetics of the diffu-
sion processes depends sensitively on the relation between
the sample linear dimensions b and the characteristic diffu-
sion parameter \/571- The conditions for distinguishing the
isochronous annealing peaks are most favorable for
b< \/(—/Tf, that is, when the filling of one subsystem of the
oxygen sublattice can be completed in the initial annealing
stage. For this reason a finely dispersed powder proved to be
the best type of sample for our studies. Our method, how-
ever, enables the concentration of oxygen isotopes to be
measured only in massive samples. Allowing for these con-
tradictory requirements we used samples prepared by powder
caking, which, however, had a density of 70% of the theo-
retical value. Special experiments have shown that the isoto-
pic exchange kinetics in such objects proves be essentially
the same for crystallites outcropping from the outer surface
and for those several tens of micrometers below the surface,
that is, gaseous oxygen easily penetrates the space between
grains in the annealing process. For such samples it is rela-
tively easy to select a regime of isochronous annealing that
ensures this condition b< /1 already in the initial stage of
the experiment.

Radiographic studies show that the YBa,Cu;0,_; ce-
ramics under investigation exists only in one phase. The av-
erage size of the crystallites was several micrometers. The
temperature and width of the superconducting transition
proved to be 90 K and 1.0 K, respectively.

Diffusion annealing was conducted in a quartz tube in an
oxygen environment 80%-enriched with the 80 isotope
maintained at a pressure of 1 atm. The isotopic composition
of the gaseous phase was monitored in special experiments
and was shown to remain constant during annealing. The
isobaric conditions of the experiment are not, of course, op-
timal and are due to the high cost of 0. In view of this, in
interpreting the results we allow for the decrease in the total
number of oxygen atoms in the samples as the annealing
temperature is raised.® For the temperature interval used in
the experiment this variation amounted to several percentage
points. The isobaric annealing regime may also cause non-
random oxygen atom migration and a related change in the
migration rate. The data from Ref. 2 suggest that this effect is
unimportant; in similar experimental conditions no anoma-
lies in the YBa,Cu;30,_ s ceramic were observed that would
corroborate the idea that the driving forces have a noticeable
effect on the diffusion coefficients of the tracer oxygen at-
oms.

The isothermal exposure in the isochronous annealing
lasted four hours, and the temperature of each subsequent
annealing exceeded that of the previous by 20 °C. In addi-
tion to isochronous annealing we also performed isothermal
annealing. The combination of the two regimes was used to
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determine the activation energy in each stage of annealing.'
It took less than 10 min to reach a constant temperature.
After each annealing the sample was cooled to room tem-
perature and the concentration of oxygen isotopes was mea-
sured. The cooling time was approximately 1 min. The tem-
perature was measured by a Chromel—Alumel thermocouple
with an accuracy of *1°C. During annealing the quartz
tube was placed inside a massive metal cylinder. In view of
this, to within the specified accuracy of the measurements,
no temperature gradients were observed where the sample
was.

2.2. Measurements of concentration profiles

The concentration profiles of the 130 isotope were mea-
sured nondestructively down to a depth of one micrometer
by the nuclear microanalysis method. The reaction used here
was '°0(p,)'>N with a primary-beam particle energy of
762 keV. The diameter of the primary proton beam was
1 mm, that is, concentration measurements were done with
averaging over a large number of crystallites. The plane of
the samples being studied was positioned perpendicular to
the primary-beam axis, and the angle at which the nuclear
reaction products were detected was equal to 160°. The en-
ergy spectrum of the alpha particles was measured by a sili-
con surface-barrier detector about 10 mm in diameter. The
root-mean-square error was less than 10% in the measure-
ments of the lowest concentrations of the %0 isotope and 3%
in measurements of high concentrations. Basically, we could
have achieved greater accuracy, but we preferred a lower
dose of radiation of the samples. We also measured the con-
centration of the '°0 isotope so as to monitor the initial
samples and those that had undergone a complete cycle of
isochronous annealing. The reaction used in this case was
%0(d,p,)'’0* with a primary-beam particle energy of
900 keV. The statistical error in determining the concentra-
tions amounted to 1%. The other experimental conditions for
irradiating the samples with deuterons were the same as in
the 1°0(p,a)'N reaction. We found that down to a depth of
about 1 wm the overall concentration of oxygen isotopes in
the samples decreased by a factor of 1.06+0.03 as a result of
isochronous annealing in the 320—670 °C temperature range.
This value does not contradict the variation in the deficit § in
oxygen in YBa,Cu;0,_ 5 samples expected in annealing.®

2.3. Results

The data depicted in Fig. 1 characterize the variation in
the concentration of the '®0 oxygen in samples that had un-
dergone isochronous annealing as a function of the tempera-
ture maintained in the experiment (see also Ref. 7). These
results correspond to a depth of 0.15 um in the sample. The
specific values play no important role since under the experi-
mental conditions there was practically no gradient in the
concentration of 0. Only at the lowest temperatures and
shortest annealing times was the difference in the concentra-
tions of 80 at the surface and at a depth of 1 um consider-
able, amounting to about 25%.

Four peaks of isochronous annealing are clearly visible
in Fig. 1. The characteristics of the peaks are listed in Table
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FIG. 1. Isochronous annealing peaks.

I, where the T, are the temperatures corresponding to the
maximum values of the function dc/dT, c, is the concentra-
tion of the '80 isotope at the moment when the peak has
completely formed, Ac,/y is the increase in the '®0 isotope
concentration at the given annealing peak, and y=0.8 is the
degree of enrichment of oxygen with the 180 isotope. The
values of Ac,/y correspond to hypothetical conditions in
which the gaseous phase contains only atoms of the 180 iso-
tope. The normalization conditions for the concentration
were chosen so that a value of 100% corresponds to the
filling of all the positions in the oxygen sublattice of the
compound.

The peaks were identified by comparing the concentra-
tions x, of the oxygen atoms at different positions of the
YBa,Cu;0,_; lattice (see Table I) and the values of
Ac,/vy. Clearly, the first peak corresponds to '30 atoms be-
ing substituted for %0 atoms in the positions in the CuO,_4
plane. The experiment revealed no fine structure in the peak;
such a structure could exist if this plane had two types of
positions, O1 and OS5.

The value Ac,/7y is close to x, for positions O4 in the
BaO plane and for positions O2 and O3 in the CuO, plane.
Since position O4 is geometrically closer to the CuO;_;
plane, it can be assumed that in the second annealing stage
the '80 atoms are substituted for '°0 atoms in the positions
in the BaO plane.

The results for the values of Ac,/y for the third and
fourth peaks proved somewhat unexpected: Acs/y>cy/y
and Aci/y>x;. Since in the tetragonal phase of the
YBa,Cu30,_ 5 compound the positions O2 and O3 are indis-
tinguishable, the above inequalities emerge because of an
ortho—tetra phase transition. The reasons for the transition of
several percentage points of the orthorhombic phase to the
tetragonal at such low temperatures may be the concentration

TABLE 1. Characteristics of isochronous annealing peaks.
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FIG. 2. The isotherm c(7) and the isochrone c(T) for the first stage of
annealing.

inhomogeneities in the cation sublattice of the compound or
multiple proton irradiation of the samples. There are no suf-
ficient grounds for identifying the third and fourth peaks re-
liably. Most likely, the third peak corresponds to the substi-
tution of 0 atoms for '°0 atoms in positions O3, since the
lattice parameter for the tetragonal phase in the basal plane is
closer to the lattice constant along the y axis in the ortho-
rhombic. The total concentration variation =,-;*Ac,/v
amounted to 92.5%. This considerable deficit in oxygen is
apparently due to the isobaric conditions of the experiment,
that is, in annealing not only '80 atoms were substituted for
160 atoms but also the number of oxygen atoms in the
sample decreased.

Figures 2-5 depict two types of curves representing the
temperature and temporal dependence of the concentration of
the 80 isotope: isochrones ¢(T) and isotherms c(7). The
isotherms ¢(7) are obtained for certain characteristic values
of temperature T, for each of the four peaks (the values of
T, are given in the figures). The data on c(7) and c¢(T)
correspond to a depth of 0.15 um in the samples. The
samples for isothermal annealing at n=2,3,4 were prepared
in a special way: in each case isochronous annealing was
done prior to isothermal, which ensured that isotopic ex-
change was finalized in the previous stages. For instance,
before c(7) was measured at 630 °C, the sample was an-
nealed isochronously, and this formed the peaks with
n=123.

There are several methods for determining the activation

No. of T, Cp Ac,/y X, Occupied E, v,

peak °C at.% positions eV s7!

1 415 11.4 14.2 14.28(1- 6) O1 and O5 1.08+0.04 -

2 495 33.7 27.9 28.56 04 1.65+0.15 4.4x10°

3 545 61.0 34.1 28.56 03 2.26+0.04 4.7x10°

4 626 74.0 16.3 28.56 02 2.93+0.02 1.5x 10"
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FIG. 3. The isotherm c(7) and the isochrone c(T) for the second stage of
annealing.

energies of processes responsible for the formation of isoch-
ronous annealing peaks for point defects.! The method we
employed is based on processing the data of combined iso-
thermal and isochronous annealing. The result obtained by
this method should be accepted with caution because the
kinetics of isotopic exchange includes the transfer of oxygen
atoms across the gas—solid interface.

This method of determining the activation energy pre-
supposes calculation of the temperature dependence of a cer-
tain characteristic time interval A 7 from the known ¢(7) and
¢(T) curves. An example of calculating one such value A 7;
is illustrated by Fig. 2, where Ac; stands for the variation of
the concentration of the '®0 isotope in the sample in the ith
isothermal exposure during isochronous annealing. If the an-
nealing stage is characterized by only one value of the acti-
vation energy, the In(A7) vs 1/T dependence (T is measured
in K) must be represented by a straight line whose slope
gives the activation energy of the process.! The correspond-
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FIG. 4. The isotherm c(7) and the isochrone c¢(T) for the third stage of
annealing.
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FIG. 5. The isotherm c(7) and the isochrone c¢(T) for the fourth stage of
annealing.

ing experimental data are depicted in Fig. 6. The numbers at
the lines designate the number of the annealing peak.
Clearly, 67 obeys an exponential dependence satisfactorily.
The activation energy values are listed in Table I.

3. THEORY
3.1. A model of isotopic exchange in YBa,Cu;0;_;

The main laws governing isotopic exchange are ana-
lyzed using the example of a single-crystal sample. Gener-
alization to the case of a polycrystalline sample presents no
real difficulties.

Suppose that initially the oxygen subsystem of the
YBa,Cu;0,_ 5 crystal contains only !0 atoms and that the
sample is placed in an atmosphere of 30 maintained at con-
stant temperature and pressure. We assume that there are no
concentration gradients in the oxygen isotopes in the y and z
directions and that the composition of the gaseous atmo-
sphere and the total number of oxygen atoms in the crystal
do not change in the course of annealing.

Let us imagine the YBa,Cu;0, as a stack of identical
layers, each of which contains the following set of planes:
Y-CuO,-BaO-CuO,_s~BaO-CuO,-Y. We denote the
concentration of the % atoms in the ith plane at time 7 at a
distance x from the surface by C)=C(x, 1), the fraction
of positions in the layer’s ith plane unoccupied by oxygen by
V;, and the probability of an oxygen atom hopping from a
position in the ith plane to the closest positions in the jth
plane by P;;. Then the temporal variation of the concentra-
tions C() is described by the following system of partial
differential equations:®

oc 2u é*ctV
=— cm @4 p)
T 1= C TRCTHDL T
aCc?  2pu Fc?
= cO_(u+ D4 D+ p?
Y 1—6C (u+2k)C xC D”_z_c?x ,
ac® #*c? TPV
= 2_ .3 (3) = 1171
Y 2kC*¥—kC +Dxx—2-ax , t — (1)
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FIG. 6. Curves representing the temperature dependence of the time A 7 for
different annealing stages (n=1,2,3,4).
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Here we have postulated that an elementary hopping act re-
quires that there be a vacancy in the final position, and we
have allowed only for the hopping of oxygen atoms between
the closest positions in the same plane or neighboring planes;
7o and a are the hopping time and length for oxygen in the
CuO,_4, and t and x are the dimensionless time and position
(x=x/a). For simplicity, in the system of equations (1) we
ignore the differences between the two types of sites in the
orthorhombic phase both in the CuO;_; plane and in the
CuO, plane. If necessary, the system (1) can be augmented
by additional equations, and we can also allow for the fact
that the occupation by o atoms of positions O2 and O3 is
related to different activation energies.

Clearly, in the absence of oxygen exchange between
planes, that is, u= k=0, the system of equations (1) splits
into three independent equations of ordinary one-
dimensional diffusion with coefficients f%x;) These are re-
lated to the 24 that act as diffusion parameters in the space
of the dimensionless variables x and ¢ through the following
relations:

. . To
p=ct) _T0_
XX XX P11V1a

On the other hand, if we ignore the transport processes
in the BaO and CuO, planes, that is, if we assume that
Dﬁ)=D£i)=0, the system of equations (1) becomes similar
to the Fisher equations, which describe diffusion processes in
polycrystals (see, e.g. Ref. 9). Here the accelerated diffusion
of oxygen in the single crystal occurs in the CuO;_ 4 planes,
and the slow drain of the 80, isotope from these planes is
determined by the exchange of oxygen between CuO,_ s and
BaO planes and between BaO and, CuO, planes.

The analysis of Egs. (1) in Ref. 8 has shown that the
nature of the solutions depends sensjtively on the diffusion
annealing time. Over a broad time interval, determined by
consecutive switch-on of the different drain mechanisms, the
continuous-medium approximation for\ diffusion may not
work. The expressions obtained in Ref. 8 for the total con-
centration C(x,t)=2;-,°C)(x,t) of the 180 isotope in the
crystal refer, however, to boundary conditions corresponding
to an infinite rate of isotope exchange between CuO;_,
planes and the gaseous phase. The results listed in Sec. 2
show that the constant-source approximation for the system
under study is not realized. On the contrary, as Figs. 2-5
indicate, in isothermal annealing there is a constant increase
in concentration of the 80 near the sample’s surface. The
effect on the kinetics of the process of the finite rate of iso-
topic exchange between the gaseous phase and a CuO;_g;
plane can be taken into account via the following boundary
condition:

aCV(0,)  2u

CcY(0,t)+ uC@(0,t)

ax T1-6
acV(o,t
+—ax£—) +g[1-86—CcM(0,1)],

()

where 7 is a parameter describing the rate of isotopic ex-
change in the crystal-gaseous-phase interface. Equation (2)
allows for the presence of a potential barrier at the gas—solid
interface and takes into account the isotopic

exchange in the CuO,_ s plane and between CuO,_ s and
BaO planes. The Laplace transform C(x,p) of the solution
C(x,t) of the system of equations (1) with boundary condi-
tions (2) is

21— 8)f(p)
C(x,p)= ~x\pf(®) }» (3a)
) )+ mepry ] VP ] ’
Clep)= 7(1—=8)[f(p)/plcosh[(x—b)Vpf(p) ] (3b)
[pf(p)+ nlcosh[b\pf(p)2)+ Vpf(p) sinh[b\pf(p)2]
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where (3a) and (3b) correspond to the cases of a semi-infinite
sample and a sample whose size is b=ba, and

p2+p[p(3—8)/(1— 8)+3k]+ ur(7-86)/(1- 8)
p+p(p+3K)+pk '

flp)=

Only in some limiting cases do the expressions for
X(x,t) assume such simple analytical forms as Egs. (3). In
view of this we introduced a mathematical model for pro-
cesses of isotopic exchange in which the diffusion param-
eters varied within a broad range. The results are listed in
Sec. 3.2. In the present section, however, we examine the
asymptotic relations determining the main laws governing
isotopic exchange. To illustrate the role of the activation bar-
rier at the gas—solid interface, we first ignore the isotopic
exchange between the basal planes of the crystal (the drain
effects). Then, according to (3a), the concentration of the 80
isotope in a semi-infinite sample is

C(x,t) n explxn_+tn2}
=erfc y+

+
5y Criely n\t)

Co n-—
2
n exp{xn. +t7.}
+ erfc(y + t), 4
_li v1—479 x x
Ne= 2 P 4D§l)7__2\/;’

where C is the equilibrium value of concentration at the
interface. The most interesting case is with <1, when (4)
differs from the C(x,t) obtained in the constant-source ap-
proximation. The ratio C(x,t)/C(x,t) proves to be much
less than unity and

C(x,t)
C.(x,t " G

if the diffusion annealing times are fairly short: +<R/7?
where R=x7 for x»=1 and R=1 for x »<1. At fairly long
annealing times, t>R/7?, the concentration X(x,t) asymp-
totically  approaches  C (x,t). For instance, at
y=x \/4_@5{? 7>1 [the tail of the concentration profile
C(x,t)] we have

C(x,t) _ 2nyt N n
Ci(x,t) x(1+2mt/x)  1+2t/x°

)

Clearly, for the concentration C(x,t) to reach the value of
C(x,t) at a depth x the annealing times must be so long that
the number of '®0 atoms crossing the interface is approxi-
mately equal to the number of sites along the diffusion path.
The characteristic concentration profiles C(x,t) for a finite
rate of isotopic exchange at the interface are depicted in Fig.
7.

Similar effects for a sample whose size along the x axis
is b are described, according to Eq. (3b), by the formula

C(x,t)=1-nb*,
k=1

cos[z,(2x/b—1)Jexp{—4t(z,/b)?}
zX(4+b)coszy+(2/2)(2b+ pb*—22)sinz;, ’

(6)
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where 2z, is the kth root of the equation
nb?—4z2=2bzrgz. When 7% is small, the first term with
k=1 in the sum provides the main contribution. For a finite
sample the most interesting case is when nb<<1. Then
z,=+nb/2 and Eq. (6) yields

ITRWES

C(x,t)=1-—cos

™)

Clearly, the concentration profile exhibits a weak parabolic
dependence, and it takes r=b/n for the isotope concentra-
tion at the interface to reach the equilibrium value. In these
conditions the concentration in grain size evens out faster
than it grows at the interface.

Our analysis has shown (see, e.g., Fig. 7) that in the
presence of an activation barrier at the gas—solid interface
the coordinate dependence of C(x,?) is not as steep as in the
case of a constant source. The concentration profiles ob-
served in the experiment appeared to be even less steep. The
reason could be the use of polycrystalline samples, since for
crystallites whose z axis is normal or almost normal to the
sample’s surface the %0 isotope concentration changes little
with depth.

Now let us examine the behavior of C(x,t) when the
sample was heated in an atmosphere of 0 at a constant rate
a, or T=Ty(1+ a7). This regime is the limit of isochronous
annealing. The most interesting situation that takes into ac-
count the experimental data is that in which 80 atoms con-
secutively occupy oxygen positions of various types. Here
the maximum rate of processes in a given stage occurs in the
absence of noticeable variations in the occupation of other
layers where isotopic exchange has either almost been com-
pleted or has not even started. In this given approximation

FIG. 7. Curves representing the calculated concentration profiles for the 30
atoms in the CuO;_4 plane in the presence of a barrier at the gas—solid
interface. Curves 1—6 correspond to 7=0.01, with 7/ 7= 100 (curve 1), 250
(curve 2), 500 (curve 3), 2500 (curve 4), 12 500 (curve 5), and 50 000
(curve 6). Curve 7 corresponds to the constant-source approximation:
C/Cy=cerfc y.
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Egs. (1) yield the following equations for two consecutive
stages in isotopic exchange:

ac EO
or exp{—k BT0(1+a7')]

x (24 V-c), =23, ®)

where ¥ and »¥ are the pre-exponential factors in the
rates of hopping of oxygen atoms between the CuO,_ s and
BaO planes and between the BaO and CuO, planes, E‘? and
E® are the corresponding activation energies, kg is the Bolt-
zmann constant, and C; (’) are the equilibrium values of the
oxygen concentration in the YBa,Cu;30,_ 5 planes: C (1)~1
and C (2)~2 After substituting the solutions to Egs. (8) into
the expressmns for 9C/dt with i=2,3 we get

v (i ) (i 1) ) EY
-——ZC y 2C =yl -_——
exp[ k,mBT0(1+aT)

|’ E
— —_ 1 —
m—v joexp kgTo(1F o) dt}. 9)

We see that peaks related to isotopic exchange can be present
only if the following relationship linking the parameters

holds true:
: E®
V(’)exp _k_BT_O <

The corresponding values of the times TE)’) at which the
dCD/3r assume their extremal values are given for a7<1
by

aE®
kgTy’

i=23.

(10)

E® ae® } 1

+In— - .
k BTO er(l)k BTO E(')/kBT0+2

Clearly, only continuous sets of values of E) and v¥) can
agree with the experimental data, that is, £ ) must be a con-
tinuous function of v. Equations (9) and (10) make pos-
sible a rough estimate of the activation energies of the indi-
vidual annealing stages proceeding only from the values of
temperature at which there are peaks on the dC/dT vs T
curves. The reason is that fairly large variations in the rate
factor ) cause the activation-energy to vary little: an in-
crease in »(!) by a factor of ten lowers the activation energy
EY by 0.1-0.15 eV.

3.2. A mathematical model for processes of isotopic
exchange in YBa,Cu;0,_;

The model used in numerical calculations incorporates
the system of differential equations (1) and a set of boundary
conditions of the form (2) for each of the CuO;_ 5, BaO, and
CuO, planes:

aCV(0,) aCcV(b t) 21
9 — 9 (1 2)
= = —15C€ (0,6)+ uC(0,¢)
aC (0,
DY—— i 1= -0
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Cc2(0,5) 9CA(b f_ 2;;
AR > (1) (2)
= Y C (0,6) — nC'?(0,2)
aC@(0,)
ii)—( (11)
ox

+kC(0,6)+ 7P[2—-CP(0,0)],

Cc30,) aC(b,t)
= - (2) _ 3
” ” k[2C'2(0,t)—C*(0,¢)]
ac<3>(0t)
xxa— (3)[4_C(3)(0,t)]’

where the parameters (") characterize the rate of isotopic ith
plane and the gaseous phase. It is clear that the number of
diffusion parameters remains fairly high notwithstanding the
artificial restriction on the number of subsystems in the oxy-
gen sublattice. These parameters can be divided into three
groups. The first characterizes the diffusion mobility of the
oxygen atoms inside each crystallographic plane. The param-
eters belonging to this group are labeled by the subscript
“b,” including the pre-exponential factors for the hopping
rates, v}, and the activation energies E{’. The second
group of parameters, vf,i) and E{), labeled by the letter “b,”
characterize the isotopic exchange on the boundary between
the ith plane and the gaseous phase. The parameters of iso-
topic exchange between CuO,;_ 5 and BaO planes (»(? and
E®) and between BaO and CuO, planes (»¥ and E®)
were introduced earlier. An additional variable parameter is
the average crystallite size b.

Using the mathematical model, we were able to show
that a set of parameters can be chosen that provide a satis-
factory description of the experimental data of the kind
shown in Figs. 1-5. The calculated characteristic curves rep-
resenting the temperature dependence of dC/dT (Fig. 8) cor-
respond to depths near the sample surface, that is, to the
experimental conditions. In view of the large number of pa-
rameters, certain restrictions originating from the experimen-
tal results were imposed on the range of their variation. For
instance, the weak dependence of the concentration profile
on the depth x suggests that there is a sizable barrier of
height E 5,1) at the boundary between a CuO,;_ s layer and the
gaseous phase. Calculations show that in these conditions
variations in the parameters v and E'" have only a slight
effect on the temperature dependence of dC/JT at tempera-
tures near the first peak. On the other hand, variations in
vf,l) and E gl) and the grain size b have a strong effect. The
range of Ef,l) from 0.9 to 1.1 eV at vfil)=1012 Hz corre-
sponds to the obtained experimental data. As the grain size
increases from 2 to 8 um (with all the other parameters re-
maining constant), the first peak shifts by approximately
50 °C toward higher temperatures. The average grain size
can quite easily be determined independently. Then an ap-
proximate estimate of the height of the energy barrier at the
sample’s surface can be done using only the temperature at
which the dC/dT vs T curve has its first peak. This possibil-
ity stems from the fact that the activation energy E E,l)
changes only slightly with vgl) the value of E(bl) diminishes
by 0.1-0.15 eV when v(bl) increases by a factor of ten. Thus,
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the temperature dependence of JC/JdT in the temperature
range of the first peak is determined primarily by processes
taking place at the gas—solid interface. In view of this, the
value of the activation energy for the first peak listed in Table
I has no definite physical meaning, and the optimum value
E(D found as a result of modeling must be considered an
estimate of the height of the barrier that the oxygen atoms
pass through when “‘traveling” from the gaseous phase to
their positions in a CuO;_ 4 plane.

On the basis of an analysis of the second and subsequent
peaks we can identify the mechanism by which 80 atoms
substitute for '°0 atoms occupying positions in BaO and
CuO, planes. In the diffusion mechanism the arrival of %o
atoms in BaO and CuO, planes is limited by the energy
barrier at the gas—solid interface, with the arriving %0 atoms
diffusing in the respective planes. In the alternative variant,
related to the drain mechanism, ®0 occupy the positions in
BaO and CuO, planes because of isotopic exchange between
planes inside the crystal. Calculations show that when the
diffusion mechanism is predominant, the shape of the dC/dT
vs T curve displays no distinct annealing peaks. In this sense
the experimental data of Fig. 1 contradict the diffusion
mechanism and agree only with the drain mechanism of iso-
topic exchange (Fig. 8). The minimum between the second
and first peaks becomes deeper if we allow for the presence
of two oxygen subsystems in a CuO, plane.

Thus, there is certainly a difference between the mecha-
nisms of isotopic exchange for positions in a CuO;_ 5 plane
and all those for other positions. Accordingly, the values of
E, for the second, third, and fourth peaks listed in Table I
appear to be physically meaningful.

This technique does not allow the activation energy to be
determined for the migration of tracer oxygen atoms from
one CuO, plane to another. Such information can be ex-
tracted by comparing the E, values with the activation en-
ergy of diffusion along the z axis, provided that this energy
exceeds E 5, since otherwise the value of the activation en-
ergy E;=2.26 eV, listed in Table I, limits the diffusion along
the z axis. Unfortunately, we do not know of any such data
for YBa,Cu;0,_ 5. Note that the value E; proves to be close
to the values of the activation energy of diffusion of oxygen
along the z axis in bismuth high-7. superconductors:
211 eV for Bi,Sr,CuO, (Ref. 3) and 2.20eV for
Bi,Sr,CaCu,0, (Ref. 4).

4. CONCLUSION

Our study has demonstrated the possibility of indepen-
dently determining an entire set of diffusion parameters,
which means that conditions can arise such that diffusion in
the YBa,Cu;0,_s crystal cannot be considered in the
continuous-medium approximation. Hence there is no unique
correspondence between the diffusion tensor of the tracer
oxygen atoms, D, and the concentration profiles C(x,7).
The behavior of the latter depends sensitively on the hopping
rates of the atoms. These rates have practically no effect on
the components of the tensor D;; in conditions correspond-
ing to the continuous-medium approximation. Similar results
can be obtained for the diffusion of tracer oxygen atoms in
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other high-T,. superconductors with a quasi-planar structure
and an anomalously high anisotropy of the diffusion proper-
ties. This suggests assigning a separate class of diffusion
systems to these objects. Within this class the diffusion pro-
cesses with ordinary temperature-temporal annealing param-
eters are not described by the Fick equation. Naturally, this
requires a critical analysis of the experimental data on oxy-
gen diffusion obtained through the use of a solution of the
second Fick equation. As an alternative, we suggest in this
paper a system of equations (1) that, in a certain sense, are
similar to the Fisher equations for diffusion in polycrystals.
Note, however, that the scales on which these phenomena
operate are essentially different: in a single crystal only some
atomic planes participate in the drain processes, while in
polycrystals the drain of atoms from grain boundaries en-
compasses a region whose size amounts to many interatomic
distances.

As a result of this investigation we have obtained a much
fuller set of values of the energy barriers encountered in the
migration of oxygen atoms than was previously possible.
Some energy and rate parameters require further refinement.
One reason for this is that the experiments involved a poly-
crystal, whereas the theory was built for a single crystal of
YBa,Cu;0,_ 5. Since 80 atoms replace '°0 atoms in posi-
tions in BaO and CuO, planes via the drain mechanism, the
respective corrections should refer, primarily, to the first
stage of isotopic exchange. The next step in studying the
diffusion mechanism must be a study of the correlation ef-
fects and temperature dependence of the vacancy concentra-
tion in various positions of the oxygen sublattice of the

dC/aT, rel. units

956 360 400 440 480 530
T,C

FIG. 8. Curves representing the calculated temperature dependence of JC/
dT for the drain mechanism of isotopic exchange in the second and third
annealing stages. The following parameters were used: @~ '=4.3X 10° s,
b=6.5 um, E{V=1.7 eV, E{P=11eV, E®=23 eV,
= vf,l)= 10'? Hz, v§,2)= v§2)=0, and ¥®=2X10° Hz; curve I corre-
sponds to E@=215eV and »®P=5%x10°Hz, and curve 2 to
E®=165 eV and ¥?=25x10°Hz. T, °C
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YBa,Cu;0,_; crystal. Two points must be stressed here.
First, a large difference in activation energy values (about
0.7 eV) was reported when 130 took up almost identical
types of positions in a CuO, plane. In view of this, it is quite
possible that the diffusion of oxygen atoms in the direction
of the z axis manifests strong correlation effects and/or that
not only thermally equilibrium vacancies but structural va-
cancies, too, are responsible for the migration of oxygen at-
oms along this axis.

The second point has to do with the pre-exponential fac-
tors in the hopping rates. The time curves c(7) in Figs. 2-5
are described by the equation

c(r)=Ac,(1—exp{-T,7}),

where for the established mechanism of substitution of 0
atoms for °0 atoms in positions in BaO and CuO, planes the
coefficients I',, represent hopping rates. Since the activation
energies for I, were obtained independently, it was possible
to determine the pre-exponential factors for the hopping rates
v, (see Table I). The difference in the values of v, proved so
great that it was impossible to explain its origin in the vibra-
tion frequencies and activation entropies. Thus, there is ad-
ditional cause to believe that there are strong correlation ef-
fects and that structural vacancies participate in diffusion
along the z axis.

In conclusion we note a consequence of our study that is
of practical importance. The method of isochronous anneal-
ing can ensure the substitution of only the 180 or 190 isotope
for almost any kind of equilibrium positions. For instance,
for 80 atoms to occupy the 04 positions in the BaO plane,
we must first carry out annealing in an 80 atmosphere,
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which puts 0 atoms into the O1, OS5, and 04 positions,
followed by annealing in an 160 atmosphere, to substitute for
the O1 and OS5 positions. Samples with such properties are
useful in studying the nature of superconductivity and a
number of physical properties of the systems in question.
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