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We have investigated high temperature electrical resistivity and oxygen diffusion in single crystal Bi,Sr,CaCu,O,. Above ~400°C,
oxygen is readily exchanged with the sample environment which strongly influences the functional form of the resistivity. By
changing the partial pressure of oxygen in the sample environment and by continuously monitoring the sample resistance at fixed
temperature, we determine oxygen diffusion constants at selected temperatures. In-diffusion is found to be significantly faster
than out-diffusion. The in-diffusion data suggest an activated form with a diffusion constant given by D=Dgexp( — E/kgT) with

Do=11.7cm?/sand E=1.16¢V.

1. Introduction

It is well appreciated that oxygen content and or-
dering plays a central role in the normal and super-
conducting state properties of high-7, oxide super-
conductors. The 90 K superconductor YBa,Cu;0,_;
(YBCO) has been perhaps the most studied mate-
rial in this regard and numerous experiments have
specifically addressed oxygen diffusion [1-3]. Early
transport studies [4-6] of the related copper oxide
Bi,Sr,CaCu,0, (BSCCO) indicated that, for this
material, the electronic and thermal properties are
also extremely dependent on oxygen configuration.
Other studies [7-9] have investigated in detail the
relationship between oxygen content and normal-
state resistivity and superconductivity in polycrys-
talline BSCCO.

In this communication, we report studies of the
high temperature (25°C to 700°C) resistivity of sin-
gle crystal BSCCO where the crystals are subjected
to environments with varying oxygen concentration
[5]. In- and out-diffusion of oxygen become appre-
ciable above ~400°C, and the consequent varia-
tions in oxygen content of the specimens strongly af-
fect the functional form of the temperature-
dependent resistivity. Real-time experiments have
been performed where the sample resistance is con-
tinuously monitored at fixed temperature as the en-

vironmental conditions are altered in a step-function
fashion. The time evolution of the resistance allows
oxygen diffusion constants to be determined di-
rectly. In-diffusion is found to be appreciably faster
than out-diffusion. From temperature sweeps in fixed
partial pressure oxygen environments, we also find
that BSCCO crystals readily absorb oxygen from en-
vironmental concentrations of less than 0.1%.

2. Experimental technique

Single crystal samples of BSCCO were prepared in
a melt reaction of high purity precursors using a
method similar to that described previously [10].
Crystals were removed from the melt using adhesive
tape and were subsequently cut to form long narrow
bars for electrical resistance measurements. Typical
dimensions of a cut sample were 1 mm X250 um X 50
um. Samples were mounted on a quartz substrate
with one mil gold four probe resistance leads at-
tached using silver paint. In order to make robust
contacts that could survive the high temperature ox-
idizing environment, many coats of progressively
thicker silver paint were required. The quartz sub-
strate and the BSCCO crystal were then mounted on
an alumina probe in close proximity to a chromel/
alumel thermocouple which was referenced to liquid
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nitrogen. The four sample leads were attached to four
ten mil gold wires which ran the length of the probe.
The use of gold was necessitated by the oxidizing en-
vironment. At room temperature, typical two point
contact resistances were under ten ohms while four
point resistances were generally less than one ohm.
DC resistance measurements were made using a
computer-controlled current source and voltmeter.
The measurements were generally performed with
no polarity reversal for subtraction of thermal EMFs.
However, the reverse polarity resistance was period-
ically checked and found to be within 5% of the mea-
sured value. The oxygen concentration in the sample
environment (1 atm pressure) was adjusted by mix-
ing with argon. Concentrations were controlled us-
ing calibrated flowmeters. Temperature sweeps were
performed from room temperature to 700°C.

3. Experimental results and discussion

Figure 1 shows the resistance of a single BSCCO
crystal subjected to temperature cycling between

room temperature and 700°C in the presence of
either pure argon or pure oxygen. After an initial long
high temperature anneal in argon, the crystal was
cooled in argon to room temperature (curve 1). The
sample was then warmed and cooled in a 100% ox-
ygen environment (curves 2 and 3, respectively).
Oxidation effects, that is, a decrease in resistance,
are visible in curve 2 slightly above room tempera-
ture but do not really become substantial until the
sample 1s above ~400°C.

Curve 3 in fig. 1 represents the “intrinsic” resis-
tance for a “fully oxygenated” BSCCO crystal. From
room temperature to about 250°C, the resistance 1is,
to a good approximation, linear in temperature, con-
sistent with other studies of polycrystalline {9] and
crystalline [11] BSCCO. At higher temperatures, the
resistance displays upward curvature. It seems in-
appropriate to associate this behavior with an unu-
sual intrinsic scattering mechanism since the chem-
ical composition of the sample here is changing with
temperature; that is, even in a 1 atm 100% oxygen
environment, oxygen is being depleted from the
sample [5,9]. To extract the true functional form of
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Fig. 1. Resistance vs. temperature for the cycling of a single crystal of BSCCO after a long-term high-temperature anneal of the sample in
argon. The sample is first cooled in argon (curve 1) and then warmed (curve 2) and cooled (curve 3) in a 100% oxygen environment.
Oxidation effects are clearly evident above 400°C. The final warming (curve 4) was done in argon with reduction not obvious until

above 450°C.



S. McKernan, A. Zettl / High-1 resistivity and oxygen diffusion 587

the high temperature resistivity (which we expect to
be lincar even beyond 700°C) would necessitate
control of the sample oxygen content (for example,
by a high pressure oxygen environment).

The final argon warming plot in fig. [ (curve 4)
shows that deoxygenation of the crystal takes place
over a larger temperature range than oxygenation
(curve 2). Data similar to those shown in fig. 1 were
obtained for oxygen concentrations varying from
100% (as in fig. 1) down to approximately 0.01%.
Even at the lowest oxygen concentrations, oxidation
cffects were clearly visible after the high temperature
argon anneal, and the curves were qualitatively the
same as those in fig. 1. However, at the lowest ox-
vgen concentrations (approximately 0.01%), the to-
tal resistive change between the argon and oxygen
cycles fell to approximately 25% of the resistive dif-
ference reflected in fig. 1 (which is for 100% argon
and 100% oxygen).

The data curves of fig. | were obtained using fairly
slow temperature sweeps (typically many hours for
one sweep). Faster sweeps resulted in qualitatively
different curves especially at lower temperatures.
These differences reflect fairly long timescales for
oxygen diffusion into and out of the crystal. To in-
vestigate the timescale for diffusion directly, two dif-
ferent sets of experiments were performed. In the
first, the sample was annealed for many hours in
100% argon. The sample environment was then
changed to 100% oxygen in a step-function manner
while maintaining a constant temperature. The sam-
ple resistance was continuously monitored. Essen-
tially, this experiment determined the time evolu-
tion in dropping from curve 1 to curve 3 in fig. 1 at
fixed temperature.

Figure 2 shows the results of the argon to oxygen
environmental changes. The vertical arrows indicate
the time at which the sample environment was
changed from 100% argon to 100% oxygen (the ab-
solute origin of the horizontal time axis is not sig-
nificant). From fig. 2, 1t is apparent that oxygena-
tion of the sample proceeds quite rapidly at high
temperatures (less than | min at 700°C) and slowly
at low temperatures (time constant on the order of
I hat420°C).

Figure 3 shows results for the second set of ex-
periments in which the sample environment was al-
tered in a step-function fashion from 100% oxygen
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Fig. 2. Resistance vs. time for a single crystal of BSCCO with
temperature constant at four temperatures. The exchange gas
surrounding the sample is changed from argon to oxygen at the
time indicated by the arrows. Sample oxidation is evident.
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Fig. 3. Resistance vs. time for a single crystal of BSCCO with
temperature constant at four temperatures. The exchange gas
surrounding the sample is changed from oxygen to argon at the
time indicated by the arrows. Reduction of the sample is evident.

to 100% argon. Again, the oxygen diffusion is more
rapid at high temperature. However, the timescales
for out-diffusion (fig. 3) are significantly longer than
for in-diffusion (fig. 2). A direct comparison of the
700°C curves in figs. 2 and 3 is especially revealing:
the time constant changes from less than 1 min for
in-diffusion to approximately 20 min for out-diffu-
sion. These differences correlate well with the data
of fig. 1, where the samplc appears to absorb oxygen
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more easily at moderate temperature than lose it. A
similar difference for out-diffusion and in-diffusion
has been observed for YBCO [1,2].

The data of figs. 2 and 3 can be used to determine
explicttly oxygen diffusion constants in BSCCO. We
concentrate here on in-diffusion of oxygen. Since
diffusion in the a-b plane direction is expected to
dominate c-axis diffusion, we assume a two-dimen-
sional diffusion process. Furthermore, the large as-
pect ratio of the sample geometry allows us to neglect
diffusion along the length of the crystal. Hence, we
model the sample as a continuous set of resistors in
parallel. We define x to be orthogonal to the length
of the sample, that is, along the path of diffusion with
x=0 at the center line of the sample. The local re-
sistivity at any point x can then be written as

p(X)=po+ad(x. 1), (1)

where p, is the fully oxygenated sample resistivity, «
is the change in resistivity between deoxygenated and
oxygenated states, and @ varies from zero to one to
represent the sample deoxygenation level. With the
above definition, @ is zero everywhere for a fully ox-
ygenated sample. For resistors in parallel, the total
resistance can be found by summing the inverses of
the individual resistors and inverting the sum

1 d
Row JLp(x,i) d (2)

integrated from —w/2 to w/2, where w is the width
of the sample, d is the sample thickness, and L is the
length of the sample between the voltage leads.

To obtain a functional form for p(x, ), we com-
bine the diffusion equation,

J=—_DV® (3)

with the continuity equation,

oD
VeJ=— — 4
J o (4)
which yields
oP .
— =DV}, 5
al (5)

This differential equation leads to a cosine depen-
dence in x and an exponential time dependence. @
may be written in the following form

D(x,t)= 3 A cos{m.x)exp(—n,;t) . (6)
Substituting eq. (6) in (5), we find
n=Dm?. (7)

At time /=0, the oxygen is turned on, and the sam-

ple edges at x=1w/2 are immediately oxidized

which implies @=0 at the edges and @=1 every-

where inside the sample. This leads to
2i+1

o it

i (8)

w

Multiplying both sides of eq. (6) with cos(mx) and
integrating from 0 to w/2 we find

g =)

Qi+ )] )

Resubstituting the values found for A;, m,, and #»;
yields

4(=1)

Qi Dr cos(m;x)exp(—Dm?t).

Q(x, t)= 3
(10)
In order to simplify notation, we define the function

; 2.2
Q'([)=W' (11)

Equation (2) now becomes

1 d
Ry =7 J d"{L(maEA,» cos(nux)Q,-(r))}'
(12)

This function has been summed, numerically in-
tegrated, and fit to the data using least squares by
adjusting the value of the diffusion constant D. The
in-diffusion data and the corresponding fits are
shown in fig. 4. py and a were adjusted for each fit
using the data shown in fig. 1. The diffusion constant
was found to be D=1.30%10"3 cm?/s at 700°C,
2.23%10~¢ cm?/s at 600°C, 1.81x10~7 cm?/s at
490°C, and 5.35x 10~% cm?/s at 420°C.

In fig. 5, we plot the diffusion constant values log-
arithmically versus 1/7 with 7 in K. We find that
the data fit very well to an exponential dependence.
The functional form of the temperature dependence
of the diffusion constant is thus suggestive of the
standard activated form
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Fig. 4. Fit of the one-dimensional diffusion model to the data
from fig. 2.

D=Dye~"/kT (15)

with Do=11.7 cm?/s and E=1.16 eV. This Arrhen-
ius-type behavior has also been found in YBCO with
the activation energy and diffusion coefficient in the

same range as those found above [2,3].

4. Conclusion

We have studied the diffusion of oxygen in
Bi,8r,CaCu,0, using in-situ resistometry at high
temperature. It has been found that this material is
very sensitive to oxygen, readily absorbing oxygen at
concentrations of less than 0.1%. Using a simple an-
isotropic model for diffusion, oxygen in-diffusion
constants have been extracted. The diffusion con-
stant exhibits an Arrhenius-type behavior.
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Fig. 5. A logarithmic plot of the experimentally determined diffusion constants vs. 1/ 7. The plot suggests an activated behavior for the

diffusion constant, D= Dyexp( — E/kgT).
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