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Observation of metallic resistivity behavior following a 1jp3oo K dependence of T,
in a YBa2Cu307 thin film with varying oxygen deficiency
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(Received 2 March 1993}

The normal-state resistivity as a function of T, of an expitaxial YBa2Cu307 „ thin film has been mea-
sured. The superconducting transition temperature T, of the film was varied by annealing the sample to
obtain different oxygen deficiencies. The film showed metallic resistivity behavior even when T, was re-
duced to 26 K. We also found that the T, is inversely proportional to the room-temperature resistivity
of the sample (T, ~ 1/p300K). These experimental results are compared with a theoretical prediction
based on the Coulomb coupling model and two-dimensional analyses.

As the sample quality of high-T, superconducting
copper oxides has been improved, a remarkable linear
temperature dependence of the normal-state resistivity in
the Cu-0 plane (p, t, ) has been observed. The resistivity
can often be approximated by the equation
p, t, ( T) =po+ctT, where po is the residual resistivity. For
optimized (fully oxidized) YBa2Cu30& (YBCO) sam-
ples, many experimental results show that the pQ tends to
be zero. ' Consequently, the linear temperature depen-
dence of p, b with pQ=O has been suggested to be an in-
trinsic property of the optimized YBCO material, and a
deviation from this behavior, if observed, is attributed to
extrinsic effects. Obtaining a correlation between
normal-state properties and superconducting properties
is of great interest in order to gain a better understanding
of the superconductivity in layered materials. By making
YBCO samples oxygen deficient or by doping or substi-
tuting with metal elements such as Zn (Ref. 4) or Pr (Ref.
5) the superconducting transition temperature T, can be
reduced. However, most experimental results show that
as T, is reduced, the temperature dependence of the resis-
tivity deviates from linear characteristics. One usually
observes a decrease in a and an increase in pQ with de-
creasing T, . Eventually at low temperature, a region de-
velops where p increases with decreasing temperature
and goes through a peak above T, (so-called semiconduc-
torlike behavior). Recently two independent experimen-
tal results ' have shown metallic resistivity behavior of
YBCO even when T, was reduced to below 30 K, which
suggests that the observed semiconductorlike behavior
was probably due to extrinsic effects caused by sample
preparation. In order to study the intrinsic resistivity of
the T, -reduced YBCO, it is important to perform sys-
tematic and careful measurements on high-quality, nearly
"ideal" samples.

In this paper, we report on experimental results from a
study of p,b as a function of T, from one epitaxial
YBa2Cu3 07 „ thin-film sample. Different T, values
were obtained by varying the oxygen content in the same
sample through annealing under different conditions. We
found that the sample showed metallic behavior with ra-
tios of p3QQ K/p&~ K close to 3 even when T, was reduced

to 26 K. The T, of the oxygen deficient film was found to
be proportional to 1/p3QQK In this paper we will also
briefly compare the experimental results with a theoreti-
cal model based on Coulomb coupling and two-
dimensional treatment.

The c-axis oriented film used in this study was deposit-
ed on a 10X10 mm LaA103 (100) substrate using our
standard in situ off-axis sputtering process. A bridge of
0.5 mm in length and 50 pm in width was etched from
the 100-nm-thick film for four-probe measurements of
critical current density J, (using a 1 pV criterion), T„
and resistivity p,b. The thickness of the film was deter-
mined using both a dectac surface profiler and cross-
sectional transmission-electron microscopy. The uncer-
tainty is estimated to be less than 10 fo. Considering that
a thin layer close to the substrate and a layer on the sur-
face of the film might be degraded, measured resistivity
data are an upper limit of the true value when using the
total film thickness to calculate the resistivity. Silver
contacts were evaporated onto the film and gold-coated
springs were used to connect the silver on the film and
the Ineasuring wires. In this way, contamination from
each measurement can be largely limited, which is critical
to perform repeated measurements on the same sample.
One part of the film (5 X 6 mm) on the same substrate was
reserved for monitoring the crystalline unit-cell length
changes by x-ray-diffraction mapping, and it was
confirmed that the film was of high epitaxial quality with
no detectable high-angle grain boundaries. ' The as-
deposited film (fully oxidized) had a T, of 88.5 K and a J,
of 3.3 X 10 A cm at 77 K. The T, was determined as
the temperature at which the resistivity of the sample
vanished (the measurement accuracy is 10 of the
p3QO K) . In order to reduce the oxygen content in a con-
trolled way, the film was annealed in vacuum (1X 10
Torr) at 200 C for different times and cooled to 80'C in
30 min. Figure 1 shows the annealing conditions and
their effects on the resistivity. By repeated experiments
we confirmed that such an annealing process did not de-
grade the crystalline quality of the film and the original
superconducting properties could be recovered by rean-
nealing the sample at 500 C in 200 Torr pure oxygen.
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FIG. 1. Room-temperature resistivity p3QQK vs isothermal
annealing time (cumulated time) curve for the film sample at
200'C in a vacuum of 1X10 ' Torr. The seven data points in
this figure can be easily traced in the following figures.

Figure 1 also demonstrates that the annealing is not an
equilibrium process but controlled by diffusion. Howev-
er, using an equilibrium annealing method, we obtained
the same results as shown in this report. We therefore
confirm that the measured results are not significantly
affected by the suspected inhomogeneity of oxygen distri-
bution. We also did not find any room-temperature aging
effects as reported by Claus et al." for the sample in this
study. Since all measured results presented in this paper
were from the same thin-film sample, measurement error
from sample geometry was avoided.

The resistivity as a function of temperature is present-
ed in Fig. 2 for the same sample after different anneals.
Since the film is c axis oriented, the measured resistivity
data represent p,b. As can be seen from the normalized
resistivity data in Fig. 3, the ratio p300 K/p, oo ~ is close to
3 for all measurements. The resistivity curves with T,
values higher than 60 K show roughly a straight line
above T„and the po tends to be zero. %'hen the T, of
the film is reduced to a lower value, an increased devia-
tion from the straight line can be observed. This devia-
tion is, however, smaller than that previously observed.
We believe the reason is due to less extrinsic efFects intro-
duced during sample preparation in our case. It is not
possible for us to speculate if the resulting deviation from

FIG. 3. Normalized resistivity vs temperature curves for the
thin-film sample.

linear behavior is due to intrinsic or extrinsic effects.
However, we do think it is safe to conclude that intrinsic
deviation from linear behavior is not larger than what is
observed in our measurements. Therefore, we consider
that the equation of p, b

=po+ a T (with p0= 0) is an appli-
cable approximation for the intrinsic resistivity behavior
of the T,-reduced YBCO.

The correlation between T, and l/p300 K is shown in
Fig. 4, and the crystal lattice parameters as a function of
T, are shown in Fig. 5. On reducing the oxygen content
T, was initially constant, while the resistivity and the c-
axis length increased. This agrees with the observation of
the 90 K plateau. ' It is interesting to point out that the
J, value of the film decreased from 3.3 to 0.35 X 10

(at 77 K), while the T, was kept at 88.5 K. The
fact that the annealing temperature was rather low sug-
gests that the change in J, was only caused by oxygen
deficiency which in turn produces a decrease in carrier
density and/or changes in pinning behavior.

As seen in Fig. 4, when the T, of the sample starts to
decrease, a correlation of T, proportional to 1/p3OO K caIl
be observed. Results from studies using Pr-doped bulk
single crystals are also included in this figure for com-
parison. The tendency of their results is similar to ours.
The commonly observed semiconductorlike behavior
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FIG. 2. Resistivity p, b vs temperature curves for the thin-
film sample.

FIG. 4. A plot of T, as a function of 1/p3QQ K (~ ) T,Q(p=0);
(o ) T, (the midpoint of the superconducting transition); (A)
data from bulk single crystals (Ref. 5).
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FIG. 5. Lattice parameters as a function of T, for the thin-
film sample. The filled circles represent the parameters of the
as-deposited.

caused by extrinsic effects will be significant only at low
temperature, and the measured transport properties will
be less sensitive to the sample quality at room tempera-
ture. Therefore, we believe that the I/p3QQ K dependence
of T, of the thin-film sample shown in Fig. 4 is a close
reflection of an intrinsic property of the YBCO material,
and we expect that this behavior can be commonly ob-
served.

Since the temperature dependence of the resistivity of
the T, -reduced film is close to linear, it is interesting to
compare our results with a theoretical model that pre-
dicts linear behavior. Based on the Coulomb coupling
model and two-dimensional treatment, Harshman and
Mills gave a relation of T, ~E~ for optimized high-T,
superconductors, where Ez is the two-dimensional Fer-
mi energy. From this they expected a correlation of
e5/T, ~ dp/dT for materials having p0=0, where E is an
average dielectric constant and 5 is the distance between

the two Cu-0 planes of the YBCO. If we assume that the
resistivity of the T, -reduced YBCO follows the equation

p b =po+aT with pa=0, then our observed relation T, ~
1/p3OO K becomes 1/T, ~dp/dT, and the resistivity can
be expressed as p=(13/T, )T. From this assumption it
also follows that P is a constant independent of T and T„
and that the resistivity just above T, will be equal to P,
that is, pT =P, while Harshman and Mills predict

C

pT =e5P. In the experimental data presented in this pa-

per we come relatively close to a constant value of pT.
C

However, the differences in p T are still significant; p T in-
C C

creases by a factor of 3 when the T, of the film is reduced
from 88.5 to 26 K. Based on the observations of the Cu-
0 plane spacing by Jorgensen' and our x-ray-diffraction
measurements of the c axis, we conclude that the varia-
tion of 5 could not be larger than 5%%uo in our case. On the
other hand, we do not know if the change in c can be as
large as a factor of 3 when T, is reduced. Moreover, as
mentioned above, we are not able to confirm that our
samples show complete intrinsic properties. So far, we
cannot make any final conclusion on this comparison
with the predictions of Harshman and Mills. Further ex-
periments such as measurements of penetration depth are
needed, and are currently in progress.

In conclusion, our experimental results show that the
resistivity of T, -reduced YBCO exhibits a temperature
dependency close to linear behavior. The correlation be-
tween room-temperature resistivity and T, has been
found to be T, ~ to I /p30c K. We consider such a depen-
dency of T, as a close reflection of the YBa2Cu307
high- T, superconductor.
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