PHYSICAL REVIEW B

VOLUME 40, NUMBER 13

1 NOVEMBER 1989

Tracer diffusion of oxygen in YBa,Cu;0,_;

S.J. Rothman and J. L. Routbort
Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439

J. E. Baker
Center for Microanalysis of Materials, University of Illinois, Urbana, Illinois 61801
(Received 10 May 1989)

The tracer diffusion of %0 in YBa,Cu;0,_5 has been measured at temperatures from 300 to 850°C
at an oxygen partial pressure of 1X10° Pa, and as a function of oxygen partial pressure at 600 °C.
The diffusion of oxygen is strongly anisotropic. The faster component, associated with diffusion in
the ab plane, has an activation energy of 0.97+£0.03 eV. There is no break in the Arrhenius plot at
the orthorhombic-tetragonal transformation temperature. The diffusion coefficient is not a strong
function of oxygen partial pressure from 3 X 10° to 1X 10° Pa at 600°C. The results are compared to
the predictions of the various theories of diffusion in YBa,Cu3;0.

I. INTRODUCTION

The critical superconducting transition temperature T,
in cupric oxide perovskite—structure superconductors is a
sensitive function of the deviation from stoichiometry. In
YBa,Cu;0,_;5, T, is a maximum for §=0 and is O for
8~0.5.! Since the nonstoichiometry is due to oxygen ion
vacancies, it is important to study and understand their
behavior in these materials. Tracer diffusion measure-
ments are an established technique for investigating the
behavior of vacancies in solids. Oxygen tracer diffusion
measurements in YBa,Cu;0;_g also have an intrinsic in-
terest because of the additional complexities of these sys-
tems, namely, the anisotropy of the structure, the order-
ing of the vacancies at low temperature, and the large
concentration of vacancies which can be obtained on the
oxygen sublattice.

The fraction of vacant oxygen ion sites § is a function
of temperature and oxygen partial pressure. Neutron
diffraction studies? of the structure of YBa,Cu;0,_ (Fig.
1) have shown that at low temperatures (<300°C) and
high Po2 (=~10°Pa), & is close to 0 (=0.05), the O(1) sites

are filled with oxygen ions, and the O(5) sites are empty,
i.e., the vacancies and oxygen ions on these planes are or-
dered. When the material is heated at constant POZ, 8 in-
creases and the mobile oxygen ions on the O(1) sites (the
“chains” in the ab plane) begin to disorder, some of them
moving onto O(5) sites, and some leaving the material,
until at the temperature of the orthorhombic-tetragonal
(O-T) phase transformation (=680°C at P02= 10° Pa),

8=0.5 and the oxygen ions are evenly distributed over
O(1) and O(5) sites. There is a strong implication in the
neutron diffraction results that diffusion in the c direction
in this structure is very slow, as there is no easy path for
an oxygen ion vacancy to move from one ab plane to a
neighboring one

The unusual structure and behavior of YBa,Cu;O,_j
has led to a number of theoretical attempts to elucidate
the diffusion behavior of the oxygen ions. The ordered
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state of the vacancies and oxygen ions in YBa,Cu;0,_3
suggested to Ronay and Nordlander® that oxygen could
move interstitially along the channels parallel to the b
axis. Their calculations showed that the activation ener-
gy for such motion would be near zero, which implies
very fast diffusion along the b axis compared to the other
two principal axes. For the latter they calculated an ac-
tivation energy for motion of =1.6 eV.

The details of the atomic jumps in the ab plane have
been considered by Tu et al.* and Bakker et al.;> both of
these groups considered D,~O0, where D, is the tracer
diffusion coefficient along the ¢ direction. The former
considered that the force between two neighboring oxy-
gens ions was repulsive for an O(1) and an O(5) site,
repulsive for two O(1) sites in the a direction and attrac-

FIG. 1. Structure of YBa,Cu3;0;_5. From Ref. 2.
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tive in the b direction. The activation energy that result-
ed from the calculation was greater in the a than in the b
direction, and therefore D, > D,. The calculated activa-
tion energy for diffusion in the b direction was 1.3 eV for
8=0. A much lower activation energy, about 0.5 eV, was
estimated for diffusion in material with §=0.38. Correla-
tion effects were neglected in this calculation.

Bakker et al.’ calculated the interaction energies be-
tween vacancies from the thermodynamic parameters de-
rived from the temperature dependence of the oxygen site
occupation. They showed that the tracer, diffusion
coefficient has the usual form

DZ%pvwde (1)

for diffusion in the ab plane, where p, is the vacancy avai-
lability factor (the probability that a vacancy is next to a
given atom), o is the exchange frequency between the
atom and the neighboring vacancy, f is the Bardeen-
Herring correlation factor for oxygen diffusion, and d is
the jump distance. The O(1) and the O(5) sites were con-
sidered to be on a square lattice in this treatment, and the
slight anisotropy of the lattice parameter in the ab plane
was neglected. The basic jump was the O(1)-O(5) or the
O(5)-O(1). Since at least half of the total number of these
sites is empty, p, =1 at all temperatures and consequently
D would have a weak dependence on oxygen partial pres-
sure POZ.

In this model, @ was assumed to have an Arrhenius
dependence. The activation energy was obtained by nor-
malization to experimental data because the
configuration of the saddle point was not precisely
known. The physics of the diffusion was contained most-
ly in the correlation factor f, which measures the proba-
bility that an ion will not return to its original site im-
mediately after completing a jump. The value of f is low
(=~0.1) at low temperatures and small § when the oxygen
ions and vacancies are ordered, but increases to f=1 at
high temperatures where the disorder on the O(1) and the
O(5) sites is almost complete.

Our preliminary measurements of D for '*O in
YBa,Cu;0,_; have been reported in the proceedings of
various conferences.®”® The data in Refs. 6—8 were lim-
ited to YBa,Cu;0,_s from one batch of material, a nar-
row temperature range (300=7 <600°C) and one value
of Poz’ 1X 10° Pa. This paper reports an investigation on

two batches of YBa,Cu;0,_;, extension of the tempera-
ture range across the O-T transformation to 850°C, and
variation of the Po, by a factor of 30 at 600°C. The re-

sults are compared to the predictions of the three theories
outlined above.

II. EXPERIMENTAL

A. Sample preparation

One batch of powders (material No. 1) was prepared by
milling together reagent grade Y,0;, BaCoj;, and CuO,
pressing, and calcining at 890°C. The pellets were
crushed, pressed, and fired twice before the final grinding.
The resulting powders, 2.5 um in size, were pressed at 15

8853

MPa and fired in pure O, according to the following
schedule: 5°C/min to 965°C, 1°C/min to 985°C, 120
min hold, furnace cool. This material showed some pre-
ferred orientation with the c¢ axis parallel to the pressing
direction. The material was phase-pure as determined
from x-ray diffraction. The density of the pellets was
=~99% of theoretical. A micrograph of this material tak-
en with polarized light (Fig. 2) exhibited the familiar
elongated grains with aspect ratios ranging from 10 to
100. Heat treatment in O, for 12 h at 400 °C produced a
superconductor with 7,~90K. This material was
stoichiometric, and contained =~ 1300 ppm by wt. Sr and
~ 1000 ppm Zr as major impurities, as well as =70 ppm
Ca and traces of Ni, Cr, and Mn.

Another batch of material (material No. 2) was
prepared from powder obtained from Rhone-Poulenc,
Inc. The powder, 1.4 um in size, contained about 90 ppm
Ti, 75 ppm Fe and 200 ppm Ca-+Sr (by weight) as the
principal cation impurities. The samples were pressed at
70 MPa, sintered in pure O, at 975°C for 4 h, cooled to
530°C at a rate of about 5°C/min, and then cooled to
400°C over a span of 15 h, following which the furnace
was cooled to room temperature in about 3 h. T, was ap-
proximately 90 K and the critical current density at 77 K
was only 50 A/cm?. The microstructure of material No.
2 was similar to that of material No. 1, but the grains
were somewhat larger. Material No. 2 contained 3-4
at. % excess Cu.

Samples were polished down to 1-um diamond paste.
In order to avoid degradation due to moisture, no aque-
ous solutions were used in polishing or cleaning, and sam-
ples were stored in a desiccator.

The object of these experiments was to measure the
tracer and not the chemical diffusion coefficient. Since
oxygen has no useful radioactive isotope, the stable iso-
tope 30 (natural background: 0.204%) was used as the
tracer. The stoichiometries of the samples were adjusted
prior to the diffusion anneals in order to avoid any gra-
dient of the chemical potential of oxygen during the
diffusion anneal in '®0. Samples were given a
prediffusion anneal at the same temperature and P02 as

FIG. 2. Micrograph of YBa,Cu;0,_5 made from material
No. 1 taken using polarized light. The bar represents 100 um.
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were planned for the diffusion anneal, but for a much
longer time than the diffusion annealing time, and under
160 instead of '®0. Thus, even though the entire sample
may not have been equilibrated at T and Poz, a shell

much thicker than the diffusion penetration was, equili-
brated. This minimized the chemical potential gradient
in the diffusion zone.

Initial experiments indicated that the exchange of oxy-
gen was hindered by a surface reaction, especially at low
temperatures. Therefore, the polished and preannealed
samples were implanted with ~10'7 ions/cm® '*0O at 5
keV. The mean range of these ions was only =100 A and
the amount implanted made only a small contribution to
the indiffused '%0. The implanted samples were annealed
in quartz capsules, which had been backfilled with 95%
30 to the same Po, and sealed off. The annealing tem-

perature was measured to +1°C.

B. Depth profiling technique

Since 30 is not radioactive, secondary ion mass spec-
trometry (SIMS) was used as the depth-profiling tech-
nique. The SIMS technique has been successfully em-
ployed for measurements of oxygen diffusion in a wide-
variety of ceramic oxides'®™13 and its application to the
study of oxygen diffusion in the 37-K superconductor
La,_Sr, CuO, has been recently described.'*

Concentration profiles were measured on the Cameca
3f SIMS at the Center for the Microanalysis of Materials
at the University of Illinois, Urbana. A beam of 17-eV
Cs* ions was used to sputter the surface and the secon-
dary ions were mass spectrographically analyzed. The
operating conditions were primary beam current
~0.2-0.3 uA, beam diameter =60 pum, raster 250X 250
um?, analyzed area 10-um in diameter, and masses of 16,
18, and 63 counted by negative SIMS for 1 s each. Crater
depths were measured with a profilometer. The depth
corresponding to each channel was assumed to be the to-
tal crater depth divided by the number of channels. This
mode of determining the concentration as a function of
distance is referred to as a spot scan; because of time limi-
tations and roughening of the crater bottoms, this
method was not used for diffusion zones deeper than =~ 10
pm. A typical depth profile from a spot scan is shown in
Fig. 3.

When the diffusion zone was much deeper than 10 um,
a taper section (1-2 °) was ground on the sample after the
diffusion anneal. The angle of the taper was measured
with a profilometer. The penetration profile was mea-
sured by automatically stepping an unrastered beam in
25- or 50-um steps along the taper. This mode is referred
to as a line scan, and a typical one is shown in Fig. 4. In
some cases, manual stepping was used in order to avoid
cracks. The depth corresponding to each channel was
taken as the distance along the taper times the sine of the
taper angle. In both modes the concentration ¢ of tracer
for each channel was determined by subtracting the 80
background from the '®0 counts and dividing by the sum
of %0 and '®0O counts.

S.J. ROTHMAN, J. L. ROUTBORT, AND J. E. BAKER

40
7
| T I
6l MASS 16 ]
= N
MASS 63
2 4 S
e ]
2
8 eeann, MASS 18
o | el Mass s
g 3 B
2 ]
L _
o I I I
Py 100 200 300 400

CHANNEL NUMBER

FIG. 3. Typical spot scan, showing the logarithm of counts
of %0, 130, and Cu as a function of channel number (propor-
tional to penetration distance).

III. RESULTS

The analysis of a depth profile to obtain a value of D
must begin with considering how the SIMS beam aver-
aged over the different grain orientations in the specimen.
The analyzed area was always 10-um in diameter. Ac-
cording to Fig. 2, an area of this size would include parts
of several grains, unless a lucky hit were scored on a sin-
gle large grain. In the spot-scan mode, described above,
the same set of grains would probably be analyzed over
the entire depth profile. On the other hand, each 25- or
50-um step in a line scan would move the analyzed area
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FIG. 4. Typical line scan, showing the logarithm of counts of
160, 80, and ®*Cu vs depth; the depth equals the distance along
the taper section times the sine of the taper angle.
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to a different set of grains. The two different methods of
obtaining depth profiles can thus be expected to lead to
different analyses.

The penetration plots obtained from the spot scan
method can be expected to be the sum of the depth
profiles of the individual grains, each with a multiplier
proportional to the cross-sectional area of that grain, and
each with a value of D corresponding to the orientation
of that grain with respect to the diffusion direction.
These values of D may differ considerably because of the
anisotropy of diffusion in the YBa,Cu;0,_g lattice. Such
a penetration plot would therefore be fitted to an equa-
tion of the form
, ()

c=A,erfc + A4, erfc

_x X
2(D 1) 2(D,1)!"
where c¢ is the concentration at depth x and ¢ is the
diffusion time. In principle, Eq. (2) should contain a term
for each grain in the analysis area, but the number of
terms has been limited to two in order to keep the num-
ber of parameters within reason. The erfc solution corre-
sponds to the boundary condition of constant concentra-
tion at the surface.

On the other hand, in a line scan, the concentration at
each point represents the concentration in a different
group of grains, so the depth profile would be represented
by

c=A erfc , 3)

_x
2(D)'2

but D would be averaged (in the manner indicated above)
over all the grains hit in the line scan. The anisotropy of
diffusion is indicated in this type of scan by fluctuations
in the 80 count observed in the diffusion zone of the line
scan of Fig. 4. Fluctuations only occur in the 30 counts
at concentrations above background; they do not occur in
the %0 or ®Cu counts. This suggests that these fluctua-
tions are not noise. Since each point represents a
different group of grains, scatter due to anisotropy would
not be surprising.

In the preliminary analyses of the data on material No.
2,578 the fast diffusion term was thought to represent
diffusion along a short-circuiting path, and so the form of
this term was chosen as the usual grain boundary
diffusion expression, 4, exp[ —(Zx%/°)], where 4, is the
multiplier and Z contains the grain boundary diffusion
coefficient. The analysis in terms of contributions from
the volume of two different grains is preferred because
the multipliers for the fast and slow diffusion terms are
the same order of magnitude, whereas if the fast diffusion
term represented diffusion along a short-circuiting path,
the multiplier for this term should be much smaller than
for the slow (volume) diffusion term, as was indeed the
case in La, ,Sr,CuO,.'* There is little difference be-
tween the goodness of these two types of fit, as measured
by x? and the randomness of the deviations of the experi-
mental data around the least-squares line.

A penetration plot obtained from a spot scan of
YBa,Cu;0,_; (material No. 2) annealed for 1 h at 300°C
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with Po,= 10° Pa is shown in Fig. 5. The experimental

points are shown as circles, while the solution to the
diffusion equation, Eq. (2), is shown as a solid line. A
penetration plot obtained from a line scan is shown in
Fig. 6 for a sample of material No. 1 annealed for { h at
850°C with Py, = 10° Pa; here the line is the fit to Eq. (3).

Both types of fits were carried out by a nonlinear least-
squares routine.'> The values of D obtained by the two
techniques agree well (Table II). The same values of D
were also obtained in directions parallel or transverse
(denoted by TS in the table) to the pressing direction on
the textured specimens (material No. 1).

The following experimental uncertainties enter into the
use of SIMS to measure diffusion coefficients. The stan-
dard deviations about the fits are, for the most part, only
a few percent. Uncertainties in the crater depths caused
by surface roughness, for example, or in the position and
taper angle for line scans, could lead to an uncertainly of
20% in D. However, the scatter from duplicate samples
is larger than this. The standard error for diffusion mea-
surements on oxides using SIMS seems to be about a fac-
tor of 2.1 We believe, therefore, that the scatter above
this level observed at, for example, 400°C, is probably
due to anisotropy.

The diffusion coefficients for the fast-diffusing com-
ponent (D;) and the diffusion coefficients obtained from
line scans in material #1 at Po,= 10° Pa are plotted to-
gether in the usual Arrhenius form in Fig. 7; data for lon-

gitudinal and transverse samples have been given
different symbols. A fit to these data yields

0.0350 , ‘

0.0280

0.0210

0.0140

0.0070

10 x1075

X (cm)

FIG. 5. Penetration plot from a spot scan for YBa,Cu;0,_g
(material No. 2) annealed for £ h at 300°C at Po, = 10° Pa. The

solid line is the nonlinear least-squares regression fit to Eq. (2).
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FIG. 6. Penetration plot from a line scan on a taper section
for YBa,Cu;0;_; (material No. 1), annealed for % h at 850°C at

P02= 10° Pa. The solid line is the nonlinear least-squares re-

gression fit to Eq. (3).

D,=[(1.4£0.6)X 10" *]exp[ —(0.971+0.03 eV /kT)] (4)

2 1

in cm“s™ '. These parameters differ only slightly from
the ones obtained if only the largest D, at each tempera-
ture is used; the latter are most likely to correspond to
diffusion in the same crystal direction.

The data for D, obtained from material No. 2 have
been plotted in Fig. 8. The fit yields

D,=[(1.3£1.5)X107°]
X exp[ —(0.6840.08 eV /kT)] cm%s ™! . (5)

The parameters given in the Arrhenius equation for ma-
terial #2 differ from those previously published for this
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FIG. 8. Arrhenius plot of the fast-diffusing component D,
measured for material No. 2 at P02= 10° Pa. The solid line is

the least-squares fit to the data. The dashed line is the fit to the
data for material No. 1.

material® 8 because, as just mentioned, the functional fit
of the data was changed from a complementary error
function with a grain boundary tail to the sum of two
complementary error functions.

The data for the slow component D, measured in both
materials are presented in Fig. 9. The scatter from ma-
terial to material and within each material is very large
probably because of material differences and anisotropy.
No attempt was made to fit these data.

The variation of the oxygen diffusion coefficient in ma-
terial #1 at 600 °C with PO2 from 3X10° to 10° Pa (Fig.

1/T (1/K)

FIG. 7. Arrhenius plot of the fast-diffusing component D,
measured for material No. 1 for P02= 10° Pa. The solid line is

the least-squares fit to the data. The dashed line is the fit to the
data for material No. 2.
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FIG 9. Arrhenius plot of the slow-diffusing component D,,
measured for both materials at P02= 10° Pa.
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FIG. 10. Dependence of D, on Log Il‘o2 for material No. 1 at
600°C.

10) may or may not be within the experimental uncertain-
ty; clearly there is no strong dependence on the oxygen
partial pressure.

IV. DISCUSSION

Four main topics will be discussed: anisotropy of
diffusion, comparison of the results obtained for materials
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No. 1 and No. 2, a comparison of these results with those
reported by other workers, and finally, a comparison to
the theories introduced in Sec. I.

A. Anisotropy

The diffusion coefficient for an arbitrary direction in an
orthorhombic crystal is given by'6

D =D, cos’®, +D, cos’®, + D, cos’®, , (6

where the coefficients are the diffusion coefficients in the
three principal crystal directions and the cos® are the
direction cosines of the arbitrary direction with respect to
the three principal axes.

Initial results for oxygen diffusion in the ¢ direction in
a YBa,Cu;0,_ single crystal at 430°C indicate that D,
is approximately three orders of magnitude smaller than
D for the polycrystals.!” However, the present experimen-
tal conditions are such that the contribution from a D
this small would not be observed, for the following
reason. Because the values of D in the polycrystalline
samples are much greater, the annealing times used were
relatively short (=<1 h), so diffusion parallel to the ¢ axis
would result in a narrow (=~ 100 A) peak near the surface.
In a spot scan, this peak would be inseparable from the
near-surface noise and the remnant of the implanted 189,
and it would also be missed in a line scan because the first
step is not exactly at the surface. Furthermore, if the
slow component were close to the ¢ direction, the D, /D,
ratio would have to be about 10°.

TABLE I. Diffusion coefficients for material No. 1. P02= 10° Pa unless noted otherwise.

Sample

T(°C) number® D, (cm?/s) D, (cm?/s) Comments®
300 1 (2.77£0.17) X 10~ 13 (1.594+0.12) X 10714 SS

300 1 (5.40+0.79) x 10713 (2.424+0.52) X 10714 SS

300 2 (4.3840.36)x 10713 (2.26+0.62) X 1071 SS,TS

300 2 (3.27+£0.20) X 10713 (1.9840.30) X 10715 SS,TS

400 3 (2.5040.04) X 10~ 12 (3.90+0.60) X% 1014 SS

400 3 (8.224+0.17) X 1012 (2.89+0.16) X 10713 SS

400 4 (1.014+0.05)x 10~ (5.31+0.66)x 10713 SS, TS

400 4 (8.594+0.23) X107 12 (2.64+0.52) X 10713 SS, TS

600 5 (2.72+1.00) X 107 1° LS

600 5 (2.87+1.06) X 107 1° LS

652 6 (8.60+0.66) X 10~ 1° LS

652 6 (7.3940.52) X 10710 LS

711 7 (1.43+0.13)X107° LS

711 7 (1.33+£0.11) X 107° LS

780 8 (2.09+0.10) X 107° LS

780 8 (2.8940.15) X 107° LS

850 9 (6.47+0.23) X 107° LS

850 9 (6.1840.27) X 10™° LS

600 10 (1.86%0.50) X 10~ 10 LS, P02=3><103 Pa
600 10 (2.594+0.62) X 107 1° LS, P02=3><103 Pa
600 11 (1.76+0.53)x 107 1° LS, P02=2><10“ Pa
600 11 (1.47+0.24) X 10710 LS, Po,=2X 10* Pa

2Shown to indicate that some data were taken with multiple craters or scans.
®SS=spot scan, LS =line scan, TS =transverse section.
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TABLE I1. Diffusion coefficients for material No. 2 at P02= 10° Pa.

Sample
T(°C) Number? D, (cm?/s) D, (cm?/s) Comments®
300 1 (5.66+0.38)X 10~ 13 (1.26+0.08)x 10713 SS
300 1 (2.45+0.16) X 10712 (2.14+0.04)x 10713 SS
300 2 (7.94+0.92) X 10713 (1.31+0.07)X 10713 SS
300 2 (1.11+£0.02) X 10712 (2.15+0.18) X 10713 SS
300 3 (1.0340.09) X 10~ 12 LS
300 3 (7.14£1.73)x 10713 LS
391 4 (4.19+0.63) x 10~ (2.02+0.02) X 10712 SS
391 4 (6.97+0.13)X 10712 (2.76+0.18)x 10713 SS
391 5 (2.95+£0.10) x 10~ (2.27+0.40)X 10712 SS
600 6 (1.67+0.02) X 107 1° SS
600 7 (1.54+0.11)x1071° LS
600 7 (1.60+0.10)x 107 1° LS
600 7 (4.96+0.42)X 107! LS
600 7 (1.16+0.08)x 10710 LS

#Shown to indicate that some data were taken with multiple craters or scans.

®SS=spot scan, LS =line scan

Inspection of Tables I and II indicates that
D,/D, <<10%. Therefore, one may conclude that the
slow contribution D, does not correspond to diffusion
along the ¢ axis, but represents diffusion in the ab plane
of a grain oriented so that the ab plane makes a bigger
angle with the diffusion direction than the ab plane of the
grain from which D; was obtained. From our data it is
not possible to draw any conclusions concerning anisot-
ropy in the ab plane; because of the heavily twinned
structure of the orthorhombic material, even measure-
ments on single crystals may not resolve this question.

The anisotropy observed in YBa,Cu;0,_; is in accord
with the neutron diffraction result that the mobile oxygen
ions occupy the O(1) sites? and with the perception that
the distance between oxygen sites along the c axis is too
long for a jump to take place easily (Fig. 1). This behav-
ior contrasts with the observation that in
La, ,Sr,CuO,, one volume component and a short-
circuiting component is sufficient to fit the depth profiles,
even though the oxygen ion vacancies are located on one
type of sites in the ab plane in La,_,Sr,CuO,,'® just as
they are in YBa,Cu;0,_;.

B. Comparison of materials

A glance at Figs. 7 and 8 indicates that D, for material
No. 1 was lower than for material No. 2 at 300°C, but
higher at 600°C. The data from material No. 2 exhibit
considerably more scatter than do the data from material
No. 1. The slow component D, was smaller for material
No. 1 than for material No. 2 over the temperature range
300-400C. Both materials had a wide distribution of
grain sizes, but on the average, material No. 1 had the
smaller grain size. Samples containing larger grains
would tend to exhibit more scatter because the SIMS
beam would sample fewer orientations. Materials No. 1
and No. 2 also differed in that the latter contained 3-4

at. % excess Cu, and the sintering behavior of the two
materials was quite different.!® It is unlikely that the im-
purity concentration, which is much smaller than the
concentration of oxygen ion vacancies, influences the
value of D.

C. Comparison with other results

The tracer diffusion of oxygen in YBa,Cu;0,_; has
been measured?® by following the exchange of *0 in the
atmosphere with ®0 in YBa,Cu;0,_; powders in situ
with a microbalance. The results in the temperature
range of =250 to 420°C at P02=6.5><103 Pa (6=0.07)

were

D =0.287 exp[ — (1.7 eV /kT)]

cm?s™!. However, the exchange of oxygen between the

gas and the powder was, according to the authors, limit-
ed by a surface reaction at low temperature; we do not
believe that a diffusion coefficient can be obtained from
an integral measurement under this condition. The
diffusion coefficients are considerably lower by (10° at
350°C) than those reported here and the activation ener-
gy is nearly a factor of 2 higher than our value of 0.97
eV; it is exactly equal to the one observed by Tu et al.* for
out diffusion limited by surface reaction. Furthermore,
whereas we observe a small increase (=2) in D with in-
creasing Po ~at 600°C in the orthorhombic phase

(Po, > 10* Pa, Fig. 10), Ikuma and Akiyoshi?® reported a

large decrease of D with increasing & for T >420°C, cor-
responding to a decrease in D with a decrease in Po,-

Therefore their results are in disagreement with the re-
sults of our experiments in all aspects; however, as indi-
cated above, we do not believe that their low-temperature
results represent diffusion.

Tallon and Staines?! observed a relaxation peak in the
internal friction of YBa,Cu;0,_4 at 40 kHz at =800 K,
which they ascribed to oxygen hopping. They calculated
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an oxygen tracer diffusivity by assuming that the peak
had a Debye shape and by using a simple model of the
diffusive jump (no correlation). They obtained an activa-
tion energy of about 1 eV for T <500°C. Above this
temperature, their Arrhenius plot curved sharply up-
wards.

Although the absolute values of D calculated from the
internal friction agree reasonably well with the values of
D, measured for material No. 1, their results disagree
with ours in other ways. First, within the accuracy of
our measurements, we obtain no curvature in the Ar-
rhenius plot. Second, Tallon and Staines find that D de-
creases with increasing PO2 in both the orthorhombic and

tetragonal phases (by, for example, a factor of =7 from
8% 10* to 2X 10° Pa at 600°C), in contradiction to our
observation of no strong pressure dependence (within a
factor of 2) of D in this pressure range. Certainly one
possible source of a disagreement can be in the micros-
tructure and in the chemistry of the samples. Other prin-
cipal concerns about the results of Tallon and Staines are
the neglect of the correlation factor, which is expected to
be a function of temperature,>?? and the assumption of a
Debye peak shape.

Most investigations of oxygen diffusion in
YBa,Cu;0,_5 have been carried out under a gradient of
oxygen chemical potential and have therefore measured a
chemical diffusion coefficient,?> D, given by

D=1d%f,(1+31ny /d1nc) . @)

The chemical diffusion coefficient differs from the tracer
diffusion coefficient Eq. (1) in that (1) the correlation fac-
tor contained in Eq. (7), f, is the correlation factor for
the diffusion of vacancies, and not a tracer correlation
factor;?* (2) D does not contain the vacancy availability
factor, since chemical diffusion deals with the diffusion of
the defects, vacancies in this case; and (3) D does contain
the thermodynamic factor?® (the term in parentheses
above; ¥ is the oxygen activity coefficient), which takes
account of the fact that the driving force in a chemical
diffusion experiment is the gradient in the chemical poten-
tial, and not in the concentration. The first two of these
probably do not cause the tracer and chemical diffusion
coefficients to differ since f, is probably close to the
correlation factor for tracer diffusion, and the vacancy
availability factor is close to unity in the framework of

the model of Bakker et al.?? However, the value of the .

thermodynamic factor may differ greatly from unity, and
may depend strongly on temperature in a highly nonideal
substance like YBa,Cu;0,.?* The chemical and tracer
diffusion coefficients can differ considerably because of
the thermodynamic factor.

Another difference between D and D lies in the method
of measurement. The present tracer diffusion coefficients
were obtained by a depth profiling technique, in which
the distances were determined with some precision. The
chemical diffusion coefficient is usually measured by
changing PO2 around a sample, and following the relaxa-

tion of some physical property (weight, electrical resis-

tivity) as the sample picks up or loses oxygen. The result
of such a measurement is a relaxation time, and the dis-
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tance over which the diffusion takes place must also be
measured or modeled in order to obtain a diffusion
coefficient. In the case of cracked or porous samples,
such a measurement may not be accurate, and an in-
correct measurement can lead to a diffusion coefficient
that is high by orders of magnitude. We believe that the
scatter of the values of the chemical diffusion coefficient,
noted in our survey of the literature in Ref. 9, is due to
sample quality, especially porosity or microcracking. In
general, the values of D are greater than the values of D.
A value of 1.51 eV has been obtained for the activation
energy for oxygen diffusion in YBa,Cu;0,_s in the tem-
perature range 377-812°C from the oxygen ion conduc-
tivity,?6 measured by a complex impedance technique, us-
ing yttria-stabilized ZrO, (YSZ) electrodes that were
blocking for the electron or hole current, but transparent
for the oxygen ion current. Since the transference num-
ber for electrons in YSZ (Refs. 27) appears to be greater
than that for oxygen ions in YBa,Cu;0,_;5 the
ramifications of this measurement are not clear.

D. Comparison with theory

As mentioned in Sec. I, all of the theories of oxygen
diffusion in YBa,Cu;0,_; are flawed. For example,
Ronay and Nordlander® considered neither the effect of
increasing disorder of the oxygen with temperature, and
the effect this would have on the open channels, nor the
energy required to move an oxygen ion into an open
channel. Tu et al* neglected correlation effects, and
Bakker et al.’ calculated the activation energy by normal-
ization to experimental data from chemical diffusion ex-
periments. Each model thus has one or more unsatisfac-
tory aspects.

The calculation of Ronay and Nordlander predicts ac-
tivation barriers of 1.7 and 1.6 eV in the a and c direc-
tions, respectively, and O in the b direction. While the
calculation is, admittedly, only valid for low tempera-
tures, it is hard to reconcile with our value of 0.97 eV for
the fast-diffusing component, which, according to their
model, is for the b direction. Untwinned orthorhombic
single crystals large enough to measure the anisotropy
within the ab plane and thus test this theory are not yet
available.

The model of Tu et al. predicts that the activation en-
ergy for oxygen vacancy diffusion is 1.3 eV for §=0 and
~0.5 eV for 6=0.38. This is not in accord with our re-
sult that D, may be described by a single activation ener-
gy over a wide range of stoichiometry; the data presented
in Fig. 7 for Po = 10° Pa cover a range of & from 0.68 at

850°C to 0.12 at 300°C,? and no obvious curvature in the
Arrhenius plot is observed. Furthermore, the variation
of D with oxygen pressure, covering a range of § between
0.31 and 0.44, indicates that any change of D; with & is
less than a factor of 2 (Fig. 10).

Much of the temperature dependence of D in the
theory of Bakker et al.’ is in the temperature dependence
of the correlation factor. This increases strongly with in-
creasing temperature at low temperatures because of the
disordering of the vacancies; since the dependence of the
correlation factor on the temperature is not expected to
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be of the Arrhenius type, it is surprising that the diffusion
coefficient obeys an Arrhenius relationship. Further, as
the O-T transformation temperature is approached, the
ordering of vacancies between the O(1) and O(5) sites no
longer changes, so this term in the temperature depen-
dence goes to zero, and the activation energy should de-
crease correspondingly, resulting in a downward curva-
ture of the Arrhenius plot, which is not observed. This
model also predicts a very mild decrease of D with in-
creasing Pg, for T < Ty._y, contrary to the observation in

Fig. 10, although this is not viewed as a serious
discrepancy because of the uncertainties in the data. We
are reluctant to speculate on the value of D, 1.4X10™*
cm?s™!, which is lower than commonly found for vacan-

cy diffusion in simple systems.

V. SUMMARY

Measurements of oxygen tracer diffusion in
YBa,Cu;0,_; indicate that diffusion is highly anisotrop-
ic. Diffusion in the ab plane is much faster than diffusion
along the c axis. The Arrhenius plot for diffusion in the
ab plane extends across the orthorhombic-tetragonal

S.J. ROTHMAN, J. L. ROUTBORT, AND J. E. BAKER 40

transformation temperature with an activation energy of
0.97+0.03 eV. The diffusion coefficient is not a sensitive
function of P, from 3X10° Pa to 10° Pa at 600°C. None

of the proposed theories fit all of the features of the ex-
perimental data.
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FIG. 2. Micrograph of YBa,Cu;0,_5 made from material
No. 1 taken using polarized light. The bar represents 100 pm.



