PHYSICAL REVIEW B

VOLUME 39, NUMBER 1

Diffusion of oxygen in superconducting YBa;Cu307 - 5 ceramic oxides

K. N. Tu, N. C. Yeh, S. 1. Park, and C. C. Tsuei
IBM Research Division, Thomas J. Watson Research Center, Yorktown Heights, New York 10598
(Received 14 July 1988; revised manuscript received 13 September 1988)

We have used in situ resistivity measurements to monitor the diffusion of oxygen in and out of
the ceramic oxide YBayCu3O7-5. The study of out-diffusion of oxygen was carried out by anneal-
ing the oxide in ambient helium at constant heating rates and at constant temperatures. The rate
of out-diffusion of oxygen has been found to be independent of &, and the resistivity changes
linearly with time during isothermal anneals. Assuming that the rate of out-diffusion is surface
reaction limited, we have determined a surface barrier of 1.7 eV. The study of in-diffusion of ox-
ygen was performed by annealing the oxygen-deficient oxide (§=0.38) in ambient oxygen. The
in-diffusion rate was found to depend strongly on &; we have determined the activation energies of
the process at §=0.38 and §=0 to be 0.5 eV and 1.3 eV, respectively. The diffusivity of oxygen
for §=0 has been determined to be D =0.035exp(—1.3 eV/kT) cm?/sec. Combining the kinetic
data and published structural information, we have examined a vacancy mechanism and a twin-
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ning mechanism for anisotropic diffusion of oxygen in the CuO layer between the BaO layers.

I. INTRODUCTION

Both normal-state conducting and superconducting
properties of the oxide depend strongly on the oxygen con-
centration.! ”* How the oxide superconducts is as yet un-
clear. An effective way to study the superconducting
mechanism and properties of the oxide is to vary the oxy-
gen concentration. How to control the oxygen concentra-
tion and in turn the variation of the conduction behavior
in a systematic manner is an important issue. It means
more than just varying the amount of § in YBa,Cus-
07—, i.€., the oxygen deficiency, but also to have a clear
picture of the distribution of & in the oxide, which must in-
clude the ordering of oxygen vacancies as well as any spa-
tial gradient or inhomogeneity of oxygen. The parameter
6 can be varied by a moderate annealing, and the varia-
tion of oxygen concentration only occurs in the O(1) sites,
i.e., in the CuO chains."">»> Denoting the stacking layers
of YBa,Cu3;O; along the ¢ axis by the formula
Cu0,/Y/Cu0,/Ba0Q/CuQ/Ba0O, we may reduce the prob-
lem of controlling & to the understanding of the intercala-
tion and rearrangement of oxygen atoms in the CuO lay-
er, i.e., the layer between the two BaO layers. The driving
force of the intercalation can be monitored by the partial
pressure of oxygen in the annealing ambient, and the ki-
netic rate can be changed by changing the annealing tem-
perature.®~® Hence, we can perform a systematic study
of oxygen intercalation in the oxide by properly selecting
the ambient and the temperature of annealing. In this pa-
per we report the response of the oxide subjected to anneal
in ambient He and O,. The responses have been recorded
by in situ resistivity measurement. The kinetic behavior,
the diffusivity and mechanism of oxygen diffusion in the
CuO layer, and the 6§ distribution as a function of anneal-
ing condition are discussed on the basis of the measure-
ments.

II. EXPERIMENT

We prepared the oxide samples from a mixture of
powders of Y03, BaO, and CuO. The correct proportion
was mixed, pressed into disks, and sintered at 950°C for
40 h in air. The samples were then cooled down to 750°C
and held for 20 h in flowing oxygen atmosphere and final-
ly furnace cooled to room temperature in about 7 h. The
as-prepared samples showed a room-temperature resistivi-
ty of 2to 3%10 % @ cm and a superconducting transition
temperature about 91 K (zero resistivity) and were as-
sumed to contain seven oxygen atoms per unit cell, i.e.,
YBa,Cu3;O;-5 with §=0. The microstructure as ob-
served by scanning electron microscopy showed a large
number of interconnecting pores and an average grain size
of about 10 um. The samples were dry cut by a diamond
saw into rectangular pieces of about 13x5x1 mm? size
for resistivity measurements. A typical piece weighed
about 0.3 g using a balance with a microgram sensitivity.
Hence, a weight loss of 0.01% of the piece can be deter-
mined accurately. We note that the weight change of the
oxide from YBa;Cu3O7 to YBa;Cu3O¢s is 1.2%, taking
the molecular weight of the former to be 666.2 g/mol.

For in situ resistivity measurements, we used the
Pt-13% Rh alloy wires of 20-mils diameter to contact the
specimen which was placed on a ceramic pad. The con-
tacts were tested before the in situ measurements for
Ohmic behavior in both positive and negative applied volt-
ages. During the measurement, the current was kept con-
stant at 20 or 50 mA, the average applied voltage was
measured every half minute (or every 0.5°C change), and
the polarity check was carried out for every data point.
The current-voltage measurement, temperature control,
and rate of heating were controlled by an IBM personal
computer.

Annealings of the specimen were performed in a quartz
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tube furnace flooded with He gas purified by a spongy Ti
filter kept at 900°C. The ambient can be switched from
He to O, (or air) and vice versa at atmospheric pressure
during the annealing. Both isothermal and ramping (at
constant heating rate) modes of annealing were used.
Combining the annealing mode and ambient, we can per-
form four types of in situ resistivity measurements; iso-
thermal in He, ramping in He, isothermal in O,, and
ramping in O;. Furthermore, the design of the quartz
tube furnace is such that it enables us to quench the sam-
ple from the annealing temperature to room temperature
without changing the ambient.

In addition to the resistivity measurements, the samples
were characterized by scanning electron microscopy for
surface morphology and grain size, x-ray diffraction for
crystal structure, and Rutherford backscattering spectros-
copy for averaging composition profile and surface segre-
gation of cations. Results of these complementary mea-
surements will not be reported here.

III. RESULTS

A. Out-diffusion of oxygen

The solid curve in Fig. 1 shows resistivity changes of the
oxide of §=0 ramped at a constant heating rate of
3°C/min starting from room temperature up to 550°C in
He. A linear increase from room temperature to about
350°C was observed with a temperature coefficient of
resistivity of 6.5 uQ cm/K. Above 350°C, resistivity in-
creased nonlinearly and the increase accelerated up to
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FIG. 1. In situ resistivity change of an oxide of § =0 upon an-
nealing at a constant heating rate of 3°C/min from room tem-
perature to 600°C in ambient helium is shown by the solid
curve. If the heating was arrested at the point 4 and the power
was turned off to let cooling start, the resistivity followed the
long broken curve to a higher value at room temperature. If the
oxygen-deficient sample was then annealed in ambient oxygen to
replenish oxygen back into the sample, the resistivity followed
the short broken curve to return to the very beginning.

675°C (not shown) where it reached a value about three
orders of magnitude higher than the room-temperature
value; then it bent and started to decrease.

If the heating was arrested at the point 4 shown in Fig.
1 and the power was turned off to let cooling start, the
resistivity would follow the long broken curve to return to
room temperature with a value higher than the initial one.
During the cooling, the resistivity first increased with de-
creasing temperature because the temperature was still
high enough for oxygen to diffuse out, then it reached a
maximum, and decreased thereafter. Beyond 350°C, it
decreased monotonously with temperature and experi-
enced a bend around 70°C. At room temperature, we
weighted the specimen to determine the weight loss and in
turn the value of §. Using a heating rate of 3°C/min and
furnace cooling, we obtained §=0.38 in our samples
(weight loss =0.92%) if we let the cooling start at 500°C.
It is clear that we can control § by selecting the heating
rate, the cooling rate, and the point 4 where the cooling
starts. This is a reproducible process of controlling and
varying 6.° In Fig. 1, the short broken curve which repre-
sents a process of diffusion of oxygen back into the oxide
will be described later.

The question whether the measured resistivity changes
come from the entire sample or rather from a skin layer of
the sample is crucial for understanding the oxygen dif-
fusion behavior. Since the weight loss and in turn the
value of 6 was measured for the entire sample, if the loss
of oxygen were not from the entire sample but only from a
skin layer, it would make the skin layer insulating (§=1)
in the case of 0.92% weight loss; the insulating layer could
be as thick as 0.2 mm in our samples of 1 mm in thickness.
Since the resistivity of an oxide with such a thick insulat-
ing layer would be much higher than what we have mea-
sured, we conclude that the weight-loss measurement
determines the oxygen deficiency in the entire sample.

The resistivity change shown in Fig. | indicates that ox-
ygen diffuses out of the oxide in He at temperatures
higher than 350°C and beyond 500°C the out-diffusion
rate becomes extremely fast. To study the out-diffusion
behavior, we have selected the temperature range of 350
to 450 °C for isothermal annealings. A typical isothermal
annealing at 400°C in He is shown by either one of the
two solid curves in Fig. 2. We observed that except for the
initial period, the resistivity increases linearly with time.
To understand the out-diffusion behavior, we have to
know the rate change of 8 and the distribution of oxygen
in the oxide during the isothermal annealings. Two exper-
iments were performed in order to reveal them.

The first experiment performed was to check if the in-
diffusion behaves the same as the out-diffusion. This was
carried out by switching the ambient from He to O, dur-
ing the annealing. The response of the resistivity to the
ambient change was drastic. It dropped precipitously as
shown in Fig. 2 by the vertical dotted curves, which indi-
cates that the in-diffusion of oxygen was extremely fast
and it quickly restored the resistivity back to its original
value. It shows that the behaviors of out-diffusion and in-
diffusion are asymmetrical; the latter is much faster. The
asymmetrical behavior suggests that the out-diffusion pro-
cess is not diffusion limited but rather surface reaction
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FIG. 2. A sequential annealing in He and O,. The resistivity
increases linearly and gradually in He (the solid curves) but
drops instantaneously and precipitously in O (the dotted
curves). The dashed curve shows the temperature of annealing.

limited. Since it is not diffusion limited, the oxygen distri-
bution in the oxide is expected to be homogeneous during
the out-diffusion.

The second experiment was to arrest the isothermal an-
nealing at a given time and to quench the sample to room
temperature for weight-loss measurement. It enables us
to correlate the changes of § and resistivity at a fixed an-
nealing temperature. The correlation is shown by the
dashed curve in Fig. 3 for the annealing temperature of
425°C; it is linear between § and the increment in resis-
tivity, Ap, for 6 up to 0.4. We note that we have taken
Ap=p(8) —po, where po is the room-temperature resis-
tivity extrapolated from the linear part of temperature
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FIG. 3. The dashed curve shows the linear relation between
the & and the increment in resistivity, Ap, for & up to 0.4. The
solid curve shows the correlation between the weight loss and &
in the YBa,;Cu307 -5 oxide.

dependence. Since the resistivity can be restored back to
its original value and the weight loss can be regained by
annealing the specimen in O,, we conclude that the resis-
tivity changes shown in Figs. 1 and 2 are due to the loss or
gain of oxygen, and that oxygen concentration affects the
majority carrier in the oxide. Also shown in Fig. 3 is the
solid curve for the purpose of correlating the weight loss
and 8.

To analyze the out-diffusion behavior of oxygen, we
define that the amount of oxygen, dé, departing from the
sample in a period, dt is

dé=AJdt, n

where A is the surface area, and J the oxygen flux normal
to 4. In general, for a surface-reaction-limited process,
we express 10

J=Kc', 2)

where ¢' is the oxygen concentration at the specimen
(grain) surface which could be different from that within
the grains; and K is the surface-reaction constant which
monitors oxygen leaving the specimen (grain) surface.
The observed fast in-diffusion of oxygen indicates that the
diffusion of oxygen within the oxide in the temperature
range being investigated is sufficiently fast that the rate-
limiting step of oxygen flux leaving the specimen is to
overcome a surface barrier. To determine the surface bar-
rier, we first take into account the linear relation between
the changes in resistivity and § as shown in Fig. 3 and
rewrite Eq. (1) into the following form: dAp/dt =BAKc',
where B is a proportional constant. If we define
K =Kyexp(— E/kT) where kT is the thermal energy and
Ko and E are the preexponential factor and activation en-
ergy of the surface-reaction constant, respectively, we
have

-1
[%] =Boexp(E/KT) 3)

where Bg is a proportional constant. Here we have re-
placed Ap by p for simplicity. The activation energy can
be determined by plotting In(dp/dt) ="' vs 1/kT, where
dp/dt at 400°C, for example, is the slope of the solid
curves shown in Fig. 2. The value of E was found to be
1.7 £ 0.1 eV on the basis of isothermal annealings carried
out at 370, 390, 410, 425, and 440°C as shown by the
broken line in Fig. 4. It means that for oxygen to depart
from the oxide it must overcome a surface barrier of 1.7
eV. We have observed that below 350°C the thermal en-
ergy is insufficient to free a measurable amount of oxygen.
The temperature dependence of dp/dt can also be mea-
sured from the slope of the curve of constant heating rate
as shown in Fig. 1, provided that the heating rate is
sufficiently slow.!! The advantage of adopting this pro-
cedure is that it is a single measurement as compared to
performing several isothermal annealings. For the con-
stant heating rate annealing performed at temperatures
above 350°C in He as shown in Fig. 1, we have p=p(T,t)
and
dp _8p dT | 8p
dt 9T drt + o’ @
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FIG. 4. The plot of In(dp/dt) ~' vs 1/kT, where the solid cir-
cles represent the data of isothermal annealings carried out at
370, 390, 410, 425, and 440°C, and the solid curve from the
constant heating rate of 0.5 °C/min from 350 to 530°C.
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where p(T,t) is redefined as the resistivity after a subtrac-
tion of the linear temperature coefficient of resistivity.
Equation (4) shows that the value of dp/dt as a function
of T can be determined by measuring, respectively, 8p/87T
and dp/dt from the data shown in Fig. 1 (where p, ¢, and
T were measured simultaneously) with a subtraction of
the linear temperature coefficient of resistivity. Figure 5
shows three constant heating rate annealings of 0.5, 1, and
10°C/min in He of the oxide. We have found that the p
vs T curves for a 0.3°C/min and a 0.5°C/min overlap
each other closely, indicating that the latter is sufficiently
slow. A plot of In(dp/dt) ~' vs 1/kT from 350 to 530°C
of the curve 0.5 °C/min is given by the solid curve in Fig.
4. The average slope of the portion of the curve from 370
to 425°C is 1.75%£0.1 eV, which is in very good agree-
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FIG. 5. Three resistivity curves of the oxide at constant heat-
ing rate annealing of 0.5, 3, and 10°C/min in He.

ment with the value of 1.7+ 0.1 eV obtained from iso-
thermal annealings. The transition of slope along the
solid curve near 460 °C in Fig. 4 shows the orthorhombic-
to-tetragonal phase transition of the oxide in ambient He.
Above 460°C, the slope is nearly the same as that of
below, indicating that the activation energy for oxygen to
depart from the tetragonal phase is about the same as that
from the orthorhombic phase. However, we have ob-
served a strong dependence of the orthorhombic-to-
tetragonal transition temperature on the heating rate; the
slower the heating rate, the lower the transition tempera-
ture. The latter was observed to be 440 and 510°C for
the 0.3 and 3 °C/min, respectively.

B. In-diffusion of oxygen

In-diffusion of oxygen has been performed both at con-
stant temperatures and at constant heating rates. We
shall describe the latter first. We recall that in Fig. 1, as
shown by the long broken curve, the specimen had a value
of §=0.38 at the end of the He annealing. We took the
specimen and annealed it in ambient oxygen of 1 atmos-
pheric pressure at a rate of 3°C/min from room tempera-
ture to 5S00°C, and the resulting resistivity change is
shown by the short broken curve in Fig. 1. It started at
the place where the annealing in He ended, followed the
long broken curve in going up, but showed a more pro-
nounced bend at around 70°C. It reached a maximum
around 319°C and turned downward and decreased to a
minimum around 443°C. Beyond the minimum, the
resistivity went up. In cooling, it followed the solid line to
return to the very beginning of the annealing in He. After
the oxygen annealing, & was found to restore back to zero
by weight-gain measurement, and 7, was determined to
have the initial value of 91 K as shown in Fig. 6. We note
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FIG. 6. Superconducting transition temperature measured by
conduction of the oxide specimen before and after the cycling in
He and O».
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that the cycle of combining helium and oxygen annealings
is repeatable and reproducible especially if a single speci-
men is used again and again.

Along the in-diffusion curve, the bend, the maximum,
and the minimum in the resistivity are of interest. About
the bend, we postulate that it is due to order-to-disorder
transition of oxygen vacancies in the O(1) and O(5) sites
in the CuO layer, and details of the transition will be re-
ported elsewhere. The occurrence of the maximum shows
the offset of the linear temperature dependence of the ox-
ide by the increase of carriers as a result of in-diffusion.
At the minimum, the oxide is saturated with oxygen,
hence the resistivity goes up with temperature thereafter.
We note both the minimum and the maximum are well
defined and can be determined to within £ 1°C.

The temperature at which the minimum resistivity
occurs is a function of heating rate; the faster the heating
rate, the higher the temperature, as shown in Fig. 7 where
a plot of five oxygen anneal runs of 15, 10, 1, 0.3, and
0.1°C/min is shown. Since a faster heating rate means a
shorter time of annealing, a faster rate requires a higher
temperature than that of a slower rate to diffuse the same
amount of oxygen into the oxide. The temperature of the
minimum therefore manifests the completion of in-
diffusion in the oxide as § approaches zero. Consequently,
we can determine the activation energy of oxygen dif-
fusion by measuring the dependence of the minimum on
heating rate.

To consider the kinetics of in-diffusion in the CuO lay-
er, we define J as the atomic flux, i.e., the number of
diffusing oxygen atoms per cm? per sec; N, as the number
of O(1) oxygen atoms in the CuO layer per cm?; and & as
the concentration (or fraction) of missing O(1) oxygen
atoms in the CuO layer. In other words, & is just a num-
ber varying from O to 1 as it is defined in YBa;Cu3O7—s.
Now if we assume that the in-diffusion is a non-steady-
state process, the total number of oxygen atoms diffused
into the oxide per unit area over the entire period ¢ of in-
diffusion is given by the following equation: !?

Nv6=ﬁ)lo—(V-J)d!, (5)
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FIG. 7. A set of in-diffusion curves of oxygen-deficient sam-
ples (§=0.4) upon annealing in ambient O, at 15, 10, 1, 0.3,
and 0.1 °C/min heating rate. The temperature of the maximum
and the minimum resistivities increase with increasing heating
rate.

where J=—D3(N,.5)/0x is the atomic flux, D =D,
xexp(— E/kT) is the oxygen diffusivity in the oxide, and
E is the activation energy of diffusion. By changing the
base from time to temperature in Eq. (5) and by assuming
a one-dimensional case since the grains in the sample are
randomly oriented, we obtain

925
dx?

T'min d[

§=
aTr

- daT, (6)

where RT is room temperature or a low temperature at
which oxygen diffusion is negligible, and Ty, is the tem-
perature of the minimal resistivity. At constant heating
rate, i.e., dT/dt =const, the solution of Eq. (6) can be ob-
tained by following the thermal analysis of Kissinger'?
and Ozawa '* to be

kTr%xin
E

dr
dt

8 exp(— E/kT win) . @

_ 926
B {DO dx 2

In obtaining Eq. (7), the two assumptions made are that
E is a constant and that 826/98x 2 is a slowly varying func-
tion of temperature. These assumptions will be justified
later. On the basis of Eq. (7), E can be measured by plot-
ting In[(dT/dt)/T2in] vs 1/kT min, or by plotting In(dT/
dt) vs 1/kT win since T min does not vary much as compared
to dT/dt. A plot of both, the latter in solid circles and the
former in open circles from eight runs of heating rate of
14.7, 10.8, 6.5, 3, 1, 0.64, 0.3, and 0.1 °C/min, is shown in
Fig. 8. The slopes of the lines which are least-squares fits
to the data deliver activation energies of 1.35 and 1.23 eV,
respectively, from the plot of In(dT/dt) vs 1/kTmin and
the plot of In[(dT/dt)/T2in] vs 1/kTmin. > ~'® The uncer-
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FIG. 8. The plots of In(dT/dt) vs 1/kTmin (the solid circles),
Inl(dT/dt)/T2in] vs 1/kTmin (the open circles), In(dT/dt) vs
1/kTmax (the solid triangles), and In[(dT/dt)/T 2ax] vs 1/k Tmax
(the open triangles) are shown, where Tmin and Tmax are the
temperature of the minimum and the maximum resistivity, re-
spectively, measured at the eight different heating rates given in
the text. The activation energies obtained from the slope of the
lines are indicated.
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tainty of these measurements is +0.1 eV, and the mea-
sured activation energy is insensitive to the initial value of
& as indicated by Eq. (7).

For comparison, we also show in Fig. 8 the plot of
In[(dT/dt)/T2ax] vs 1/kTmax and the plot of In(d7/dt)
vs 1/kT max of the same eight runs, where T,y is the tem-
perature of maximum resistivity, and the slopes yield ac-
tivation energies of 1.33 and 1.25 eV, respectively, which
are practically identical to those obtained from T, It
indicates that even in the early state of in-diffusion, a
near-surface layer saturated with oxygen (5§=0) has been
developed and this layer limited the in-diffusion of oxygen
with an activation energy of 1.33 eV (or 1.25 eV), so the
assumption that E is constant throughout the process is
justified. Although the layer thickens with temperature
(or time), the oxygen concentration gradient in the layer
does not vary much, so the other assumption that 825/9x?
is a slowly varying function of temperature can also be
justified. The formation of this near-surface layer is due
to the in-diffusion of oxygen from room temperature to
Tmin-

Having measured the activation energy, we shall next
determine the preexponential factor of diffusion since they
together constitute the diffusivity of oxygen in the oxide.
Owing to the fact that the grains of the oxide become sa-
turated with oxygen at T, we can calculate the preex-
ponential factor Dy by the following equation:®

kTmin

dt

ar

kTr%lin
E

exp s (8)

r2-f4Ddt-4Do

where r is the average radius of grains in the oxide. Tak-
ing r=5 um and E=1.3 eV, we have obtained
Do=0.035 +0.005 cm?%/sec based on the measured values
of heating rates, d7/dt, and the corresponding tempera-
tures of minimal resistivity, Tnin, as given in Table I. We
note that while the heating rate varies by two orders of
magnitude, the value of Dy varies only slightly. Also, the
value is neither unusually large nor unusually small as
compared to the Do of other oxides.!>?° Even if we
change the numerical quantity “4” in Eq. (8) to other
numbers, the order of magnitude of Dy is still the same as
we have determined.

Combining the preexponential factor and the activation
energy, we have the expression of the diffusivity of oxygen

TABLE 1. Preexponential factor of oxygen diffusion in
Y Ba;Cu307 -5 ceramic oxides.

dT/dt (°C/min) Tmin (°C) Do (cm?/sec)
14.7 492 0.036
10.8 481 0.036
6.5 476 0.026
3 443 0.035
1 410 0.032
0.64 395 0.034
0.3 370 0.044
0.1 348 0.036

in the oxide of 6 =0 to be

—(1.3+0.1) eV
kT

D =(0.035+0.005)exp [ ] cm?/sec.

9

To determine if the diffusivity is physically reasonable,
we demand that, for example, in the case of 1°C/min an-
nealing, oxygen atoms must be able to diffuse across the
radius of grains in a period of minutes at Tp,. Now we
evaluate D =Dgexp(—E/kT) at T=410°C and we ob-
tained D =9x10 ~!2 cm?/sec. Such a value of D should
allow oxygen atoms to diffuse a distance of the average ra-
dius of the grains in a period of 100 to 1000 sec. A similar
agreement can also be shown for the other heating rates.

It is expected that the activation energy of oxygen
diffusion in the CuO layer in the oxide may depend
strongly on &; the greater the &, the lower the activation
energy. However, we have shown in the last section that
the near-surface layer or the shell formation will screen
this 8-dependent behavior if we conduct in-diffusion of ox-
ygen starting from a low temperature. To avoid the shell
effect, the in-diffusion as a function of & has to be carried
out at high temperatures and the specimen must be kept
in an inert environment until oxygen is introduced. Such
experiments can be done if we follow the procedure shown
in Fig. 9 by switching the annealing ambient from He to
O, at a high temperature.'? The dashed curve in Fig.
9(a) is a trace of the He-annealing curve given in Fig. 1
which has resulted in producing a specimen of §=0.38.
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FIG. 9. (a) The dashed curve is a trace of the He-annealing
curve given in Fig. 1 which has resulted in producing a specimen
of §=0.38. The two arrows depict how the resistivity would
change upon switching the ambient helium to oxygen and at the
same time anneal isothermally at the two arbitrarily selected
temperatures. (b) The curve records an actual anneal carried
out at 310°C of the specimen of § =0.38.
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We recall that out-diffusion of oxygen will not occur
below 350°C in He. Therefore, if we cool the specimen in
He to a temperature near and below 350°C and switch
the ambient to oxygen, the initial rate of in-diffusion will
not be screened by a shell of § =0 since the shell forma-
tion has not yet occurred. Instead, it will be governed by
the amount of excess oxygen vacancies in the oxide pro-
duced by the He anneal. In Fig. 9(a), the arrowed solid
curves depict how the resistivity would change upon
switching to ambient oxygen at the two selected annealing
temperatures, and in Fig. 9(b) the data of an actual an-
neal carried out at 310°C are shown. In Fig. 10, the tem-
perature profile and resistivity change of the same anneal
shown in Fig. 9(b) are replotted against the annealing
time. We note that Figs. 9(b) and 10 show the same an-
nealing situation except that the horizontal axis is dif-
ferent. We see in Fig. 10 that once the specimen was ex-
posed to O,, the resistivity dropped rapidly, yet it soon
slowed down and became very sluggish at the end. We
shall consider in the following the two extremes of the
very rapid beginning and the sluggish end.

At the beginning of in-diffusion of oxygen in the sample
of §=0.38, the oxide has a high concentration of oxygen
empty sites in the CuO layers. The crystal lattice ap-
proaches the tetragonal symmetry where its a and b axes
become nearly equal, and the ¢ axis expands. Thus, the
activation barrier for diffusion of oxygen in this case is
much lower than that in §=0. The initial changes of
resistivity at 360, 310, 260, and 210°C are shown in Fig.
11. By plotting the slope of the initial resistivity drop at
the four annealing temperatures in logarithmic scale
against 1/kT, we obtained the in-diffusion activation ener-
gy to be 0.48 £0.05 eV for §=0.38. The difference be-
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FIG. 10. The same set of data shown by the curve in Fig.
9(b) is replotted here using a different horizontal axis (time in-
stead of temperature). Here, the broken curve shows the profile
of annealing temperature starting from room temperature to
500°C at a heating rate of 3°C/min and followed by furnace
cooling to 310°C in He. Then the annealing temperature was
kept at 310°C and at the same time the ambient He was
switched to Oz. The solid and the dotted curves show the corre-
sponding resistivity changes in He and O, respectively. In O,
the initial change of resistivity was rapid, but at the end the
change was very sluggish.
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FIG. 11. The initial change of resistivity at constant tempera-
ture anneals carried out at 360, 310, 260, and 210 °C in ambient
oxygen. The slope of the initial resistivity change is shown by
the solid curves and the angle 6.

tween the activation energies of 1.7 eV for out-diffusion
and 0.48 eV for in-diffusion quantifies the asymmetrical
behavior shown in Fig. 2. Using the latter value, it can be
shown that a shell indeed forms readily at room tempera-
ture by the rapid diffusion of oxygen into an oxide which
is oxygen deficient.

At the end of the annealing (where § =0), the diffusion
of oxygen is much slower than that at the beginning. This
is because at the end there are few excess vacancies in the
O(1) sites in the CuO layers. Besides, the ¢ axis contracts
and the a and b axes are no longer equal. More important
is the formation of a thick shell of § =0 which slows down
the in-diffusion. By measuring the time needed to reduce
a fixed amount of resistivity at the end of the annealing
(or by measuring the total time needed at a constant tem-
perature to restore the resistivity to the original value of
8 =0 since the initial period of large resistivity drop is rel-
atively short), the activation energy of oxygen diffusion
near § =0 has been determined to be about 1.1 to 1.2 eV.
We expect it to be 1.3 eV and we find that the large uncer-
tainty in this case is due to the difficulty in deciding the
end point of the constant temperature annealing. In com-
parison, it is clear that the ramp annealing as shown in
Fig. 7 is a better method for determining the activation
energy of oxygen diffusion in oxides of § =0.

IV. DISCUSSION

We have measured three activation energies. They are
the surface barrier of 1.7 eV to the out-diffusion of oxy-
gen, the 1.3-eV activation energy of oxygen diffusion in
oxides of 6 =0, and the 0.5-eV activation energy of oxy-
gen diffusion into an oxide of initial § =0.38. We shall
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discuss in the following the physical meaning of these en-
ergies and begin with the mechanisms of oxygen diffusion
in the oxide.

A. A vacancy mechanism of oxygen
diffusion in the CuO layers

The in-diffusion and out-diffusion processes are noncon-
servative, i.e., empty O(1) lattice sites are occupied and
created respectively by oxygen atoms in the processes.
The oxygen diffusion must take place via lattice defects,
because a conservative mechanism such as the direct ex-
change between two oxygen atoms will not result in a net
flux of matter. Therefore, we shall consider a defect
mechanism for diffusion of oxygen in the oxide.

Since vacant lattice sites are involved in the diffusion,
the defects that mediate oxygen diffusion are vacancies
rather than interstitials. This is also because it is hard to
imagine how the latter can be restricted to take place in a
plane only. Assuming a vacancy mechanism for oxygen
diffusion, we analyze in the following the formation ener-
gy and motion energy of a vacancy in the oxygen sublat-
tice in the CuO layer. We note that the sum of them is
equal to 1.3 eV on the basis of our diffusion measurement,
yet it is their partition that is being considered here.

To form an oxygen vacancy inside the oxide, we remove
an oxygen atom from the O(1) lattice site and place it on
a surface site which is an extension of the lattice. The sur-
face is assumed to be exposed to vacuum so it is not
covered by absorbed oxygen atoms, other elements, or
molecules. In Fig. 12 we show an oxygen atom taking up
a surface site at the end of an arbitrary b axis. On the
other hand, to place the oxygen atom on a plane normal to
the a axis, a surface step is needed and we will not consid-
er it here. In forming the vacancy, there is a net change in
bonding energy. To illustrate the change, we assume as
given in the literature®"?? that there exist there significant
in-plane (in the CuO layer) pair interactions between oxy-
gen atoms, i.e., V|,V,, V3, as shown in Fig. 12, where V)
and V3 are repulsive and V', is attractive. The latter is
mediated by Cu(l) and it is assumed that V> |V;]|
=V3. These pair-interaction energies have been utilized
to generate the stable ground states of the two-
dimensional structure of the CuO layer at §=0 and
6=0.5. To form a vacancy, the change in pair interaction
in the layer is

AV=—=V,—2V3+Vcuot+Vcu-cu, (10)

where Vcyu.cy > 0 is the interaction energy between Cu(1)
and Cu(1), and Vcyu.0 <O the interaction energy between
an O(1) oxygen atom and a Cu(l) copper atom at an
open end, and we assume that |V;| <2|Vcuol. In the
right-hand side of Eq. (10), a negative sign is used when-
ever a pair is broken and a positive sign is used whenever a
pair is formed. These assignments are to be kept in the
subsequent equations. In placing an oxygen atom on the
oxide surface as shown in Fig. 12(a), we have replaced a
Vcu-0 by a V', at the surface.

The in-plane energy change given in Eq. (10), however,
is only part of the energy spent in forming the vacancy.
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FIG. 12. (a) A schematic diagram showing the formation of
a vacancy in the oxygen sublattice in the CuO layer by taking
out an oxygen atom and placing it at the end of an arbitrary b
axis. (b) The diagram shows the jump of the A atom to an O(5)
twinning position before it exchanges with the vacancy. The ex-
change leads to a motion in the b axis. (c) The diagram shows
the jump of the B atom to a twinning position before it ex-
changes with the vacancy and the motion is in the a axis. The
oxygen and copper sites and in-plane pair interactions between
oxygen atoms, i.e., V1, V2, and V3, and others are shown in the
diagrams.

There must exist attractive out-of-plane interactions,
V. <0, because in removing oxygen atoms from the O(1)
sites the ¢ axis expands. We then rewrite

AVi=—V,=2V3+VcucutVeuwo— Ve, an

where AV is the energy of formation of a vacancy. The
effect of lattice relaxation around the vacancy has been ig-
nored.

We note that the out-of-plane interaction is important
because its attractive nature may play a role in relating
the change in the superconducting transition temperature
to the expansion along the ¢ axis. The magnitude of V. is
unavailable and it is unclear whether it can be indepen-
dently determined. On the other hand, it becomes known
if the other terms in Eq. (11) can be measured. Hence,
there is a need to measure the energy of formation of a va-
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cancy and the in-plane pair interactions in oxides of § =0.

For an O(1) oxygen atom to diffuse by exchanging with
a vacancy we assume that the oxygen atom must first
move to a twinning position, the O(5) site, as shown in
Figs. 12(b) or 12(c) before the exchange can take place.
In the diagram shown in Fig. 12(b), the diffusion of the
oxygen atom (or the vacancy) is along the b axis, and in
Fig. 12(c) it is along the a axis. The twinning position as
shown in Fig. 12(b) has a potential energy (=2V
—2V3—V+Vcucu) and the motion of the oxygen atom
to the twinning position spends a kinetic energy (E,).
Here, we have ignored the out-of-plane interaction and we
define their sum to be the energy of motion,

AV =2V —=2V3—Vr+VcucutEnm. (12)

Then we have the activation energy of oxygen diffusion in
the CuO layer of § =0,

AE =AV;+AV,,. (13)
It follows from Egs. (11)-(13) that

1.3eV=2V,—-2V, _4V3+2VCU-CU
+Vewo—Vet+En,. (14)

There are seven unknowns in Eq. (14). We need six more
independent measurements in order to solve them. The
first three in-plane pair interactions could be determined
from ordering kinetics. The values of V¢y.0 and Vcy-cu
could be obtained from the formation energies of copper
oxides and E,, from the relaxation process of quenched-in
vacancies.

It is easy to show that the motion along the a axis as
shown in Fig. 12(c) costs more energy than that along the
b axis; the extra energy is — V,+ V3. Hence, the diffusion
of oxygen in the CuO layer is intrinsically anisotropic.

While we have considered in the above a vacancy mech-
anism of oxygen diffusion in the oxide of § =0, the mecha-
nism must also operate in oxides of § > 0. Since the latter
has excess vacancies, the first question is whether the ex-
cess vacancies form an ordered structure or clusters. At
low temperatures they tend to form ordered structures.
Indeed, an order structure of § =0.4 has been observed by
using electron diffraction.?> We shall first consider the or-
dered structure and then the disordered structure. If we
assume that oxygen vacancies prefer to line up along the b
axis as a result of the attractive V', and repulsive V3, the
in-diffusion of an oxygen atom along the b axis needs only
the energy of motion. Considering the oxygen atom at the
twinning position shown in Fig. 13, we find the energy of
motion to be

AV =2 — 2V i+ E,, . 15)

We note that AV < AV, and therefore it is consistent
with the assumption. The out-diffusion of an oxygen atom
can be treated similarly.

For a disordered state, it is difficult to model the process
and to evaluate the energy of motion since the distribution
of the vacancies is not well defined. Instead, we approxi-
mate the energy of motion in the disordered state by the
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FIG. 13. A schematic diagram showing a row of ordered
empty oxygen lattice sites along a b axis in the CuO layer. The
diffusion of an oxygen atom along the axis is shown by taking a
twinning position before jumping to a vacant site.

sum of
AVrﬂisorder ’=AV,(,’,rder+Ed.0 , (16)

where E,4., is the activation energy of the disorder-to-
order transition in an oxide of § > 0. The activation ener-
gy of 0.5 eV which we have measured from the rapid in-
diffusion into the oxide of §=0.38 can be taken to be the
energy of motion of oxygen in the disorder state. Since
the measurements were performed at relatively high tem-
peratures, the excess vacancies were randomly distributed.

B. A twinning mechanism of oxygen
diffusion in the CuO layers

We consider here a mechanism of oxygen diffusion
which does not led to a net flow of flux as in conservative
reactions such as the orthorhombic-to-tetragonal transi-
tion at high temperatures for samples with §=0. Al-
though a conservation reaction can be accomplished by
the motion of a fixed number of vacancies, we consider
here a process which allows two oxygen atoms to swap
with each other without being mediated by a vacancy as
discussed in the last section. In Fig. 14, the two oxygen
atoms to be considered are labeled 4 and B. We first
move A to a twinning position as shown in Fig. 14(a). For
A to take the position of B, the latter must move away and
there are three choices as shown in Figs. 14(b)-14(d).
The one shown in Fig. 14(d) where 4 and B occupy oppo-
site positions has the lowest change in energy;

AV iwin=4V1—2V,—4V3+4Vcuyo+E,, . 17)

A similar exchange between two oxygen atoms can also
occur along the a axis as shown in Fig. 14(e); neverthe-
less, it is energetically less favorable than the one shown in
Fig. 14(d). To decide whether the twinning mechanism
can indeed take place in the oxide, we must compare its
activation energy to that of the vacancy mechanism (1.3
eV), or to compare their components. Since the twinning
mechanism does not involve breaking the bonds in the ¢
direction, it could be a low-kinetic-energy process.
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FIG. 14. A set of schematic diagrams shows the swap of two
oxygen atoms in the CuO layer without involving a vacant oxy-
gen lattice site. (a) The diagram shows the jump of the oxygen
atom A to a twinning position. We assume the next jump is for
the atom B to jump away so that the A4 can go to the vacant B
site. (b) to (d) show the three possible jumps of B. The dia-
gram in (d) shows the so-called twinning mechanism and has
the lowest change in energy among the three. The diagram in
(e) shows the exchange of two oxygen atoms along the a axis. It
has a higher energy than the one shown in (d).

It has been shown that the magnitude of ¥, is about 0.2
to 0.22 eV.?* Then, if we take E,, to be about 0.5 eV as
given in the last section and discard the other terms (their
sum is most likely a negative value, since the magnitude of
V', and V3 are assumed to be comparable), we have AV yin
close to 1.3 eV. Therefore, the activation energy of the
twinning mechanism is indeed comparable to that of the
vacancy mechanism. In other words, these two mecha-
nisms could operate at the same time and enhance the
rearrangement of oxygen atoms in the oxide. An experi-
ment which can test this hypothesis is to mix '®O and '*0O
in the CuO layers in the oxide.

C. The surface barrier to out-diffusion of oxygen

The out-diffusion of oxygen in ambient He is rate limit-
ed by a surface barrier of 1.7 eV. The first question here
is whether it is intrinsic to the oxide or it is rather due to
an absorbed species or foreign phase. Because the out-
diffusion anneals were carried out in a relatively high-
temperature region, 370 to 440°C, for a long time, 10 to
20 h, we expect that any absorbed species such as carbon
would have been desorbed together with the departing ox-

ygen and any foreign phase such as barium carbonate
decomposed. In fact, the outgoing oxygen cleans the sur-
faces of the oxide as well as the grain boundaries. This is
supported by electron spectroscopy for chemical analysis
of a ceramic oxide annealed and analyzed in situ in vacu-
um of 10 ~!! torr. The spectrum showed no other phase
except YCu;Ba307 -5 and also no other detectable impuri-
ties. ?’

In the previous section, we have considered the forma-
tion of a vacancy by removing an oxygen atom from a lat-
tice site and placing it onto a surface site. Now if we re-
move two oxygen atoms from the lattice and place them
on the surface and let them combine to form an oxygen
molecule and then depart from the surface, the processes
involved are surface diffusion, molecule formation, and
desorption. However, there is a key difference between
the formation of a vacancy and the formation of a depart-
ing oxygen molecule; the latter involves charge change in
the oxide. Although charge neutrality in the oxide can be
maintained by adjusting the valences of ions in the oxide,
the charge change occurs when the oxygen molecule
forms. It is clear that the activation energies needed for
the surface diffusion, formation, and desorption of an oxy-
gen molecule could be the surface barrier (or part of it) to
the out-diffusion of oxygen.

The surface barrier is greater than the activation energy
of oxygen diffusion in the oxide by 0.4 eV. Consequently,
we expect a pileup of oxygen near the surface or grain
boundaries before their departure. Also, the surface must
be covered by oxygen atoms. In other words, inside the
oxide & is less than zero, yet near the surface & is close to
zero. It is even conceivable that the pileup could have in-
creased the oxygen concentration in the CuO planes at the
near-surface region from CuO to CuO; and this change in
concentration could also be the source for the 0.4 eV in-
crease in activation energy. The reason is that it requires
a higher energy to form vacancies or to break bonds in
CuO; since no loss of oxygen from the CuO; planes in the
oxide was observed. It is unclear which of these processes
dominates the surface barrier of the out-diffusion.

D. The shell formation during in-diffusion of oxygen

The shell formation in the oxide is characterized by an
in-diffusion process which is two dimensional. For a
single-crystal oxide which has a much larger dimension
normal than parallel to the ¢ axis, the anisotropic in-
diffusion of oxygen will result in a shell formation. The
shell of § =0 is a good superconductor but the core is not
if it is highly deficient in oxygen. The electrical and mag-
netic properties of such an inhomogeneous structure
should be of interest. Also, it is conceivable that the su-
perconducting current can be conducted via the shell or
ring regions in a polycrystalline oxide sample containing
otherwise a relative low amount of the superconducting
phase.

V. CONCLUSIONS

(1) The out-diffusion of oxygen from ceramic YBa,-
Cu307 ;5 oxides was performed by annealing the oxides in
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ambient He at constant temperature from 300 to 440°C
and at constant heating rate (0.3 to 5°C/min) from room
temperature to 600°C. The out-diffusion rate is indepen-
dent of 8. The resistivity changes linearly with time. An
activation energy of 1.7 ¢V has been measured by assum-
ing that the out-diffusion rate is surface reaction limited.

(2) The in-diffusion was performed by annealing the
oxygen-deficient oxides (§=0.4) in ambient oxygen at
constant temperatures from 210 to 360 °C and at constant
heating rates (0.1 to 15°C/min) from room temperature
to 570°C. The in-diffusion rate depends strongly on &.
The activation energies of the in-diffusion process at
6=0.4 and at §=0 have been determined to be 0.5 and
1.3 eV, respectively. The oxygen diffusivity at § =0 can
be expressed as D =0.035exp(—1.3 eV/kT) cm?/sec.

(3) Owing to the surface barrier and to the rapid oxy-
gen diffusion within an oxide of § > 0, the out-diffusion
results in a sample of § > 0 which is homogeneous in oxy-
gen distribution. On the contrary, in-diffusion of oxygen
into a sample of § > 0 ramping from room (or a low) tem-
perature produces an inhomogeneous sample having a

shell of §=0. The shell which requires an activation ener-
gy of 1.3 eV for oxygen atoms to diffuse through becomes
a barrier to the in-diffusing oxygen atoms.

(4) Both in-diffusion and out-diffusion processes are
nonconservative reactions, i.e., empty oxygen lattice sites
are occupied and created, respectively. A vacancy mecha-
nism of oxygen diffusion has been proposed that the
diffusion is mediated by vacancies in the oxygen sublat-
tice. The formation and motion of a vacancy in the CuO
layer have been discussed. Also the diffusion of oxygen
atoms via a twinning mechanism has been proposed for
conservative reactions such as the orthorhombic-to-
tetragonal transition.
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