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The resistivity variation in ceramic YBa;Cu3O7-5 (0 <5 <0.8) oxides has been studied as a
function of & during the oxygen in-diffusion and out-diffusion processes. The distribution of
8=5(x,t) as a function of the position (x) and time (¢) within a grain has been inferred for both
processes. We conclude that the oxygen distribution in the oxides is inhomogeneous in the begin-
ning of in-diffusion. This inhomogeneity is due to the fast saturation of oxygen (i.e., §=0) in the
outer layer of each grain and the high activation energy of diffusion of oxygen through these su-
perconducting “shells” (E =1.3 £ 0.1 eV), which limit the rate of forming a uniform sample. The
shell formation has important effects on the electronic properties of these superconducting oxides,
and must be taken into account in attempting to control the oxygen homogeneity in these oxides,
especially in single crystals. On the other hand, out-diffusion produces much more homogeneous
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samples of & > 0 due to a surface energy barrier Ecu™=1.720.1 eV.

It is well known that the oxygen deficiency & in the ox-
ides YBa,Cu307—; (0 < 6 < 1) plays an important role in
determining both the superconducting- and the normal-
state electronic properties of these oxides.! ™3 A key issue
in the studies of the superconducting oxides is how to con-
trol the value and the homogeneity of 6. For any mean-
ingful physical measurement, it is crucial to use homo-
geneous, single-phase samples, so that the discrepancy
among sample-dependent experimental results can be
resolved. Another important issue is the atomic scale or-
dering of the oxygen vacancies*~’ which may be related
to the normal-state electronic properties and the super-
conducting mechanisms.

In this work, we began the resistivity experiments on
ceramic samples of YBa;Cu3;07-; with §=0 and T, =91
K. The grain size of these samples is typically a few mic-
rons. Details of the sample preparation and the resistivity
measurements have been given elsewhere.® To control the
oxygen deficiency & in YBa;Cu307 -5, we annealed the ox-
ides of 6==0 in 100% He atmosphere at a constant rate
(3°C/min) from room temperature up to a chosen tem-
perature Ty, and then we furnace-cooled the oxides in He
ambient back to room temperature. By selecting the final
temperature T, the oxygen deficiency & can be controlled
for each sample, and the value of § can be determined
from the weight loss measurements. In situ He annealing
resistivity data for various & values of one sample
(6=0.18,0.34,0.41, 0.52, 0.57, 0.66, and 0.73), with each
run starting from 6 =0, are shown in Fig. 1. The curves
show that the resistivity increases linearly with tempera-
ture for T< 350°C. The departure from the linear tem-
perature dependence for T > 350°C is indicative of the
onset of oxygen out-diffusion.® ~!® The carrier density de-
creases with increasing oxy;en deficiency, which therefore
increases the resistivity.! > In the beginning of cooling,
since the temperature is still sufficiently high, oxygen
keeps diffusing out and the resistivity keeps rising. After
the temperature is lower than 350 °C, the resistivity for all
the curves with § <0.6 decreases monotonically with de-
creasing temperature. In contrast, the cooling curve for
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&8=0.73 exhibits an increase in resistivity with decreasing
temperature until 7=70°C where we speculate that an
order-disorder transformation occurs. We note that a
bend in the resistivity occurs at about 70°C for all the
curves with 6> 0.2. More details regarding this anomaly
at T==70°C will be reported separately.

The differences in the resistivity at various tempera-
tures [Ap(8,T) =p(8,T) —p(0,T)] before and after the
He annealing are shown in Fig. 2. The quantity Ap is ap-
proximately linear with & for 6§ <0.4, and then begins to
increase nonlinearly for § > 0.4. The nonlinear behavior
is further enhanced as temperature increases. This obser-
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FIG. 1. A series of in situ resistivity vs temperature curves
for YBa;Cu307-5in He ambient. The heating rate is 3 °C/min,
and the final & values were determined from the weight-loss
measurements.
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vation is consistent with the earlier report on the residual
resistivity data extrapolated from the low-temperature
resistivity measurements,> but is significantly different
from the results by Cava er al. who reported a decrease in
the resistivity for §=0.4 (Ref. 2). It should be em-
phasized that our measurements were performed on the
same sample, and resistivity data for each & value were
taken more than once to assure the reproducibility. The
nonlinear increase in the resistivity for §=0.5 is con-
sistent with the findings of other dramatic changes in the
electronic and structural properties of the oxides.! ~3¢ In
considering the resistivity p=m®*/(ne%r), where m*
denotes the effective mass, the large enhancement in p as
d increases may be attributed to the increase of the

defect-scattering rate (1/7), in addition to the decrease in
J
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where a; and a. denote the heating and cooling rates, re-
spectively. Equation (1) qualitatively describes the in-
crease of final & with the increase of the final He-
annealing temperature.

Figure 3 shows the resistivity recovery curves in oxygen
ambient as a function of temperature for various initial §
values. The resistivity initially increases with the temper-
ature and exhibits a bend at T=70°C except for the
curve with § <0.2. At higher temperatures, the increase
in the resistivity slows down due to the effect of oxygen
in-diffusion, reaches the maximal resistivity T'pax, and
then begins to drop due to a fast oxygen in-diffusion. As
oxygen saturates the sample at T, (i.e., §=0), the resis-
tivity reaches its minimum, and then increases with tem-
perature. We have already reported in a separate paper'°
that the activation energy for the oxygen in-diffusion can
be obtained from the rate dependence of both 7. and
Tmin, and that T, only depends on the heating rate, not
on the initial § value. As shown in Fig. 3, our data are
consistent with the prediction that T, is independent of
the initial § (Ref. 10). Furthermore, the resistivity can al-

150
140}
130l * T=25°C o
120 © T=100°C /o |
11loF © T=200°C 11
00} © T=300°C 1o

Ap(mQ cm)
~
o

_o-—-g‘.‘g‘?gi.: - R .
02 03 04 05 06 07 08
]

FIG. 2. The resistivity variations Ap(8,T) =p(5,T) —p(0,T)
as a function of § at various temperatures. Note that Ap(5) be-
gins to increase nonlinearly with & for § > 0.4.
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the carrier concentration (n). However, details of the
transport mechanisms and the temperature dependence of
Ap(8,T) are still to be explained.

The out-diffusion of oxygen in YBa,Cu3O7-; is in-
dependent of § and is limited by a 1.7 eV activation ener-
gy barrier, which is larger than that of the in-diffusion.®°
Consequently, the final § distributions in the slow
furnace-cooled and He-annealed samples should be uni-
form because of the fast oxygen diffusion in the CuO
planes with 6 > 0. Assuming that both the following rela-
tions dé« exp(— Eou/kgT)dt and kpT; K E o are valid,
where Eq™=1.7 eV denotes the out-diffusion activation
energy®® and 7; is the initial temperature, we may relate
the & value to the given final temperature T by the fol-
lowing formula:

s (l)

ways be reduced to the initial value at §=0 for all He-
annealed samples by means of the oxygen annealing. The
superconducting  transition temperature of the
YBa,Cu307-5 oxides has also been shown to be totally
recovered after the oxygen annealing process.® ~!°

In our previous work, '® we obtained the same activation
energy (AE =1.31+0.1 eV) from the rate dependence of
both the Tmin and the Thax. This result suggests that in
the slow oxygen annealing process, the outer shell of a
grain can reach its oxygen solubility very rapidly, thereby
slowing down the subsequent oxygen in-diffusion process
and resulting in an inhomogeneous sample. This finding is
extremely important from a processing viewpoint. Thus,
we show in Fig. 4(a) a schematic illustration of the oxy-
gen in-diffusion; and we describe in the following the &
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FIG. 3. A series of resistivity recovery curves vs temperature
for various initial & values in oxygen ambient. Note that the
temperatures Tmin Where the minimal resistivity occurs are in-
dependent of the initial § values. The heating rate is 3 °C/min.
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FIG. 4. (a) The time evolution of the oxygen distributions
within a grain. Note that the outer portion of the grain reaches
its oxygen solubility (5=0) much faster than the inner region.
(b) The spatial variations of the oxygen distribution function
8(x,1) at a constant temperature.

distribution as a function of the position (x) and time ()
during the in-diffusion process.

Neglecting the in-plane anisotropy effect,*!! we may
simplify the oxygen diffusion by a one-dimensional pro-
cess. The continuity equation for the oxygen deficiency at
a constant temperature is

35
=3 @

where the diffusion coefficient D is related to the activa-
tion energy E by the formula D =Dg exp(—E/kpT), and
Dy is a preexponential factor. The initial conditions for a
sample after He annealing and with oxygen deficiency &p
are 8(x,1=0)=gy for 0< |x| <L and 6(x,r=0)=0
for | x | > L, where L is the average radius of a grain [see
Fig. 4(b)]. The solution of Eq. (2) which satisfies the ini-
tial conditions is

5(x,1) =8, erf[m] , 3)

a5 _ 0
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where ! denotes the diffusion length, RT denotes room
temperature, and a; the heating rate. Using E =1.3 eV,
ap=3°C/min, Tnax=319°C, and assuming Do=1
cm?/sec, we obtain / =7x10 ~° cm from Eq. (4), in good
agreement with the estimate obtained directly from the
weight-loss measurements. It should be noted that for a
given averaged grain size, the preexponential factor Dy
can be estimated from the above quenching experiment
and using Eq. (4), provided that the shell model is valid.
The picture described above can explain a puzzling
phenomenon observed in oxygen-deficient YBa;Cu3;07-5
samples. Zero resistivity has been obtained in many
YBa;Cu307 -5 with nominal §= 0.5, yet the diamagnetic
(or shielding) signals of these samples were less than 5%
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where erf(x) denotes the error function and is defined as
erf(x) =(2/v7) [§ exp(—y?)dy. It should be noted that
the solution in Eq. (3) is obtained under the assumption
that the diffusion coefficient D is independent of x. The
spatial distributions of & as time evolves are shown in Fig.
4(b).

The physical significance of Eq. (3) becomes clear as
we consider the following x dependence of the error func-
tion. For x=L—¢, where 0<e<L, the oxygen
deficiency 8(x,t) decreases rapidly from §(x,z=0) =g,
to 8(x,t) <0.18, for VDt = 10¢. Since € can be chosen
to be arbitrarily small, the fast decrease of 6 for the outer
portions of a grain which are exposed to oxygen atmo-
sphere gives rise to an inhomogeneous oxygen distribution
during the initial period of annealing, as shown in Fig.
4(b). Consequently, for a large grain such as a single
crystal with size L normal to the ¢ axis, the central portion
of the crystal cannot reach its oxygen solubility (.e.,
5=0) until VDt >2L. Using the activation energy
E=1310.1 eV from our previous work (Ref. 10),
Do=1 cm?/sec, and a typical size of 2L==0.5 mm
for a single crystal YBa;Cu307—;, we can estimate the re-
quired annealing condition for producing a uniform
YBa;Cu307 -5 crystal with 6 =0; at T =450°C, the time
needed is at least 10 days.

In order to investigate the self-consistency of the above
description of the inhomogeneous oxygen distributions
during a slow oxygen in-diffusion, we have annealed a
sample with §=0.4 in oxygen ambient up t0 Tmax, and
then quickly quenched the sample to room temperature.
This procedure is to assure that only the outer portion of
the sample is saturated with oxygen, since the tempera-
ture range of T < Ty is expected to be insufficient for a
complete oxygen in-diffusion. After quenching the sam-
ple, the weight gain of the sample was 0.06%. Assuming
that the outer portions of the grains of the sample formed
a “shell” of =0, we estimated the thickness of the
“shell” to be approximately 8X10 > cm for an average
grain diameter of 3x 10 ~4cm. On the other hand, we can
estimate the thickness of the shell from the following cal-
culation:

exp(—E/kpTmax) , 4)

r

(Refs. 12 and 13). Since the volume fraction 5% is well
below the percolation threshold for three-dimensional su-
perconductors, !4 we attribute the observed zero resistivity
to the existence of superconducting “shells” of the grains,
which are formed even by exposing the oxygen-deficient
samples to ambient air. Figure 5 shows a typical example
of an oxygen-deficient YBa;Cu3;07-5 with §=0.6, in
which zero resistivity is achieved at T.=4 K, although the
volume fraction of the superconducting material is ex-
tremely low.

Although we have discussed the oxygen distribution
8(x,t) in YBa;Cu307-; during a slow oxygen in-diffusion
process, the direct relation between the resistivity varia-
tion and the & distribution is still to be unraveled. If, for
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FIG. 5. The diamagnetism of a porous ceramic YBa;-
Cu307-5 oxide with §==0.6 is shown as a function of tempera-
ture for both the zero-field cool and the field cool (H =13 Oe)
data. The resistivity vs temperature data for the same sample
are shown in the inset. Note that although the volume fraction
of the superconducting material is very small ( < =6%), a com-
plete resistivity transition is achieved at T.=4 K.

simplicity, we take the relation Ap e« for small 6, the
resistivity may be related to & by the following formula:

p=p(8,T) =po+AoT+A4,6(T), €]

where Ap and A, are positive constants. Using Egs. (3)
and (5), we may explain the decrease in the resistivity be-
tween Tmax and Ty in Fig. 3 from the following con-
sideration: In the limit (L — | x | )/~/Dr < 1, the tempera-
ture dependence of & in the oxygen in-diffusion process
can be simplified by the following expression:

s(ry=2- 5, L 1x ) |

Vr  /(Doar)

T~ V2exp(E/2ksT)],  (6)

BRIEF REPORTS 38

where (L — |x|), denotes the spatial average, and &,
denotes the initial oxygen deficiency. Thus, the fast de-
crease in the resistivity from T'max to Tmin and the steeper
slope for larger 8o can be qualitatively explained from
Egs. (5) and (6).

If we assume that the temperature dependence of
p(8,T) in Eq. (5) is dominated by the electron-phonon
scattering, i.e., p(8,T) —po=(Ao+ A,8/T)T, the carriers
involved in the conduction mechanism may be decom-
posed into two tg'é)es of carriers ng and ns, where ngxAg !
and nscA; 'T*?exp(—E/2kpT). The “thermally ac-
tivated” carrier concentration n; which resembles the
temperature dependence of the carrier densities in semi-
conductors, results from filling up the oxygen vacancies
during the oxygen in-diffusion; while the “normal” carrier
concentration ng is associated with the “intrinsic” metallic
properties of the originally oxygen-deficient sample. A
systematic study of p(8,T) is now in progress in order to
obtain further physical understanding of the temperature
coefficients Ao and A4, as well as the relation of p(8,T) to
the superconductivity of these oxides.

In conclusion, we have studied the resistivity behavior
of the ceramic oxides YBa;Cu3;07 -5 as oxygen diffuses in
and out of the samples. A homogeneous oxygen distribu-
tion at a given & value can be achieved by performing the
out-diffusion anneal in He. In contrast, the oxygen distri-
butions during in-diffusion are inhomogeneous in nature.
The inhomogeneity has important effects on the electronic
properties of these superconducting oxides. Since the oxy-
gen distributions cannot be homogenized without a
sufficient anneal, it is very important to be aware of the
effects of sample inhomogeneity on any physical measure-
ment.
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