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We have studied the resistance behavior of tetragonal YBa2Cu3O61x ~YBCO with x,0.5! at high tempera-
tures. Resistance measurements were performed following different thermal procedures in flowing Ar atmo-
sphere. Measurements taken during slow heating exhibit a maximum in the temperature dependence of resis-
tance ~R vs T!. The temperature at which this maximum occurs systematically shifts towards lower
temperatures as the sweeping rate decreases. In the limit of vanishing sweeping rate, i.e., when the steady state
resistance is measured after long~;103 min! isothermal heat treatment, theR vsT curve exhibits a maximum
at ;650 °C. Resistance measurements taken during slow cooling~0.1–0.5 °C/min! generally depend on the
thermal cycle. Weight measurements were used to evaluate the effects of the change of oxygen stoichiometry
in different experiments. The comparison of resistance and weight measurements shows that bulk oxygen
diffusion occurs in a time scale much shorter~;30 min at 650 °C! than resistance relaxation~;103 min at
650 °C!. We propose that the long relaxation time observed in resistivity measurements, similarly to other time
dependent phenomena reported in the literature, is related to ordering~or disordering! of oxygen defects and
we conclude that the resistance maximum at 650 °C mainly reflects different oxygen configurations achieved
above 500 °C.@S0163-1829~96!07633-3#

INTRODUCTION

It is generally accepted that tetragonal YBa2C3O61x

~YBCO with 0,x,0.5! is a semiconductor. The character-
ization of this semiconductor, however, is not definitively
established especially for what concerns the electronic prop-
erties. Optical measurements1 have shown that the character-
istic energy gap is 1.7 eV. It has been found that tetragonal
YBa2C3O61x with 0,x,0.4 orders in a antiferromagnetic
state below;400 K although the effects of this transition on
the electronic transport properties have not been clearly
shown yet. Electronic transport properties of tetragonal
YBa2Cu3O61x have been reported by several authors.2–11 A
resistance decrease with increasing temperature has been
found at high temperatures as the oxygen content is reduced
below 6.5 per u.f.~Ref. 6!. Freitas and Plaskett gave a data
interpretation in the framework of a conventional band
scheme.6 Genossaret al. interpreted the high-temperature re-
sistance within a narrow band picture,7 while Yoo10 dis-
cussed it in terms of polaron conduction. However, the
spread of data is quite large in the literature and we note, for
instance, that there is no general agreement on the charge
transport activation energy of the semiconducting YBCO.

High-temperature resistance data are found to be scarcely
reproducible. Actually, most of the authors reported that
a ‘‘... long time is required to get a steady voltage...’’ al-
though this ‘‘long time’’ was a few hours for somebody and
a few days for someone else. This behavior was generally

considered as a spurious effect and shortly discussed. How-
ever, it is remarkable that if one keeps a sample of the ortho-
rhombic YBCO phase in flowing oxygen at high tempera-
ture, one gets almost immediately a steady resistance, while
if the same specimen is driven into the tetragonal phase and
kept in inert gas atmosphere it takes several days to get a
steady electrical signal.12 On the other hand, in the last few
years there were several reports on time-dependent phenom-
ena observed on oxygen-deficient YBCO. A change of the
superconducting transition temperatureTc was observed
when a YBa2Cu3O6.4 sample is heated fromTc to room
temperature.13 Photoinduced changes on the electronic prop-
erties of YBa2Cu3O6.4 have been observed as well.14–16

Compared studies of resistance and neutron diffraction on
YBa2Cu3O6.25powders suggest that electrical changes can be
related to an oxygen ordering process.17 Theoretical studies18

have recently pointed out that a large variety of metastable
phases can be formed with different local oxygen ordering.
Moreover, they found an intimate relationship between the
oxygen ordering and the electronic properties of the nonsto-
ichiometric YBCO.19 Despite that, a wide region of the
YBCO phase diagram is still experimentally unexplored. In
particular little work has been done in order to see whether
time-dependent phenomena occur at high temperatures, i.e.,
in the phase diagram region that is the most favorable for the
formation of metastable phases.

The aim of this work is twofold:~1! to clarify to what
extent it is possible to observe a reproducible high-
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temperature resistance behavior;~2! to see whether and how
time-dependent phenomena occur above room temperature.
In particular, we have studied the resistance behavior under
different and well-defined procedures, i.e., upon heating and
cooling at different rates. These results are compared with
the resistance values obtained at the end of isothermal treat-
ments. Thermogravimetric measurements were also taken us-
ing the same procedures in order to clarify the effects of bulk
oxygen loss.

SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUES

YBa2Cu3O61x was synthesized starting from CuO,
BaCO3, and Y2O3. Powders were mixed and milled in sto-
ichiometric proportions and then several heat treatments
were performed. The first one was carried out in oxygen
atmosphere at 940 °C for 12 h; the resulting powder was
grounded and reacted again under the same conditions for 36
h. This last cycle was repeated two more times. Pellets of 13
mm diameter and 1.6 mm thickness were then done, heated
at 920 °C for 16 h and annealed in flowing oxygen at 450 °C
for 24 h. The oxygen content was 6.9410.03 per u.f. It was
determined by dissolving a pellet in nitric acid and measur-
ing the total oxygen developed as a free gas with a Danny
8400 gas chromatography.20 The x-ray-diffraction pattern
was made with a Philips WP 1830 powder diffractometer
with CuKa radiation. The observed peaks were all assigned
to the orthorhombic YBCO compound spectra, no spurious
lines were found.

The material is polycrystalline. Scanning electron micro-
graphs~SEM!, made with a Jeol JSM-820 microscope, show
a lamellar growth with grains of typical~ab plane! size of 20
mm. The material is porous, holes are present, and the
sample average density is between 4.1 and 4.6 g/cm3. The
samples have a room-temperature resistivity of 1–3 mV cm;
the superconducting transition temperature obtained by sheet
resistance measurements is 91.5 K.

In situ resistance measurements were performed using a
four-probe method in the van der Pauw configuration with
silver contacts, spring loaded on small gold dots deposited
by sputtering onto the oxide. Contacts were tested for ohmic
behavior by reversing the current polarity; ohmic checks
were also performed during the heat treatments.

RESULTS

In order to measure the high-temperature resistivity of
tetragonal YBCO we first need to reduce the oxygen content
from 7 to 6.2–6.1 per u.f., then the actual resistance mea-
surement is performed. These two steps were made in the
same thermal cycle in our experiments by choosing the op-
portune ramps and plateau’s and controlling the atmosphere
during the thermal cycle. Finally measurements of the tem-
perature dependence of resistance were performed during
heating and cooling ramps or isothermal heat treatments.

In the first set of experiments, the procedure used for
resistance and weight measurements was the following: the
sample was quickly heated~rate 10 °C/min! in oxygen atmo-
sphere up to 400 °C then the atmosphere was changed to
argon and the heating rate was set to a given value~between

0.1 to 10 °C/min depending on the experiment! and the heat-
ing continued up to 820 °C, see Fig. 1~a!. The argon flow
~purity599.999%! can be considered equivalent to,10 ppm
~1 Pa! oxygen partial pressure.

In Fig. 2 are presented thein situ resistance measurements

FIG. 1. Heat treatment procedures used in our experiments.

FIG. 2. Normalized sheet resistance values as a function of tem-
perature measured at various heating rates: the heating procedure
used in this experiment was that represented in Fig. 1~a!. R0 is the
resistance value measured at room temperature at the beginning of
the heat treatment.
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corresponding to various heating rates between 400 °C and
820 °C. The sheet resistance is normalized toR0, the resis-
tance measured at room temperature before any heat treat-
ment. The starting-temperature of the horizontal axis,
400 °C, corresponds to the temperature at which the atmo-
sphere was changed from oxygen to argon and the actual
experiment begins.

We observe that all the curves have a similar shape al-
though they were obtained at different heating rates. At the
beginning, the sheet resistance grows with increasing tem-
perature, then it reaches a maximum and finally it decreases
with a further temperature increase. As the heating rate gets
slower, the maximum value of the resistanceRmax increases
and the temperatureTmax at which the maximum is reached
shifts to lower values.

Resistance variation shown in Fig. 2 is due to a combina-
tion of the change of the oxygen stoichiometry and the tem-
perature dependence of the resistance. In order to separate
these two effects, we performed thermogravimetric measure-
ments following the same heating treatment and environmen-
tal conditions, i.e., the heating treatment shown in Fig. 1~a!.
Such thermogravimetric analysis shows that the material
does not suffer any detectable weight change in the first heat-
ing ramp under oxygen atmosphere up to 400 °C. Above
400 °C when the atmosphere was switched from oxygen to
argon, we observed that the oxygen content reaches the value
of 6.2 per u.f. as soon as the normalized resistanceR/R0 gets
;100, almost independently to the heating rate. Reached this
value, the oxygen content decreases only very slightly and it
is not more detectable with our experimental sensitivity.
However, weight measurements performed before and after
the heating treatment indicate that the final oxygen concen-
tration is 6.0710.05 per u.f. Thus in the last part of the heat
treatment the oxygen content slightly changes between 6.2 to
6.1 per u.f.

In order to see to what extent the maximum in theR vsT
curve is a feature of tetragonal YBCO, we report in Fig. 3 the
resistance values obtained at the end of isothermal heat treat-
ments in argon atmosphere. Namely the sample was heated
up to a given temperatureTp at the rate of 10 °C/min in

oxygen atmosphere, then the atmosphere was changed from
oxygen to argon and the temperature was kept constant until
we measured a steady resistance value, see Fig. 1~b!. Typical
relaxation times are of the order of days.12 This procedure
can be considered as a limiting case of experiments reported
in Fig. 2, as isothermal treatments are equivalent to ex-
tremely slow heating rates. The set of data that we collected
lies along aR vs T curve showing a maximum at about
650 °C. As expected, we observe thatTmax andRmax of Fig.
3 ~steady-state resistance! fits the general trend of curves of
Fig. 2 ~heating!, namelyTmax is the lowest andRmax is the
highest one. Weight measurements performed at beginning
and at the end of isothermal heat treatment show that the
final oxygen content is 6.2060.05 per u.f. forTp between
500 and 550 °C and 6.1060.05 per u.f. whenTp>600 °C.

In a third set of experiments, we studied theR vs T be-
havior during cooling. Samples were first annealed in argon
atmosphere following the procedure shown in Fig. 1~b! and
for the time required to obtain final oxygen content between
6.1 and 6.2 per u.f. and a steady resistance value. The tem-
perature dependence of the resistance was then measured
during several slow cooling and heating processes taken at
rates ranging from 0.1 to 0.5 °C/min. We note that the sweep
temperature rate;0.5 °C/min are considered more than
enough to get steady state in materials like silicides but also
in oxygen-rich YBCO as we have shown in our previous
work.12 Results are plotted in Fig. 4~a! ~Tp5650 °C! and
4~b! ~Tp5750 °C!. In these plotsR0 is the resistance value at
the starting temperature, i.e., 650 °C and 750 °C, respec-
tively. Resistance curves show a maximum occurring at tem-
peratures between 500 °C and 650 °C and a minimum occur-
ring between 300 °C and 500 °C. A further characteristic is
the sharp discontinuity of the slope of theR vs T curves at
about 130 °C~;400 K!. In Fig. 4~c! we report data obtained
in a short cycle up to 200 °C performed after heat treatment
at 650 °C for 3000 min and slow cooling~0.5 °C/min!. A
sample was permanently kept in flowing Ar, never exposed
to ambient during the whole heat treatment. In this caseR0 is
the resistance at room temperature before the beginning of
the short thermal cycle. The plot reported in Fig. 4~c! shows
once more the discontinuity at;130 °C in the slope of the
two different curves obtained during heating and cooling.
We can consider that as one of the effects of the antiferro-
magnetic transition reported by several authors. The sharp-
ness of the knee at;130 °C depends on the thermal cycle
used in experiment. This suggests that the whole thermal
cycle used to prepare samples is very important when one
wants to study the antiferromagnetic state.

The most striking result, however, is the fact that theR vs
T curve is not reproducible but it depends on the thermal
cycle, see Fig. 4~b! and 4~c!. In other words, the sample is
not at equilibrium when temperature is swept even
‘‘slowly.’’ The following experiment may help to elucidate
this point. Following the procedure described in Fig. 1~a!, we
heated the sample up to 400 °C in O2, then we switched the
atmosphere to Ar and we swept the temperature at 0.5 °C up
to 709 °C and we maintained this temperature until a steady
resistance was observed. After;2000 min the temperature
was quickly increased up to 747 °C and the resistance was
continuously monitored. Results are shown in Fig. 5.
Thermogravimetric measurements, taken upon the same heat

FIG. 3. Normalized sheet resistance as a function of temperature
obtained at the end of isothermal annealing in argon atmosphere.R0
is the resistance value measured at room temperature at the begin-
ning of the heat treatment represented in Fig. 1~b!. Different sym-
bols indicate samples made by two different laboratories.
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treatment, show that there is no change of the bulk oxygen
content, at least within our experimental accuracy, during the
temperature change between 709 °C to 747 °C. Yet, we ob-
serve that it takes;500 min to get a steady resistance value
after the temperature change. Steplike temperature changes
performed at lower temperatures show the same resistance
relaxation occurring in time longer as the temperature de-
creases.

To get more insight on this long-time relaxation process
we performed combined resistance and thermogravimetric
~TGA! measurements. We followed the isothermal procedure
of Fig. 1~b! with various Tp . Some characteristic curves

were already reported in our previous work,21 here we briefly
summarize a large data collection. Typical oxygen loss mea-
sured by TGA occurs in a time scale of 30 min at 650 °C, 80
min at 556 °C. The oxygen self-diffusion coefficientD0 for
YBCO at high temperatures for different oxygen nonstoichi-
ometry has been reported by several authors.22 Matsui
et al.23 reported thatD0;431029 cm2/s at 650 °C for an
average oxygen content of 6.3 per u.f. Taking a typical grain
size of x;20 mm ~typical dimensions of theab plane for
which oxygen diffusion is faster! we can estimate the oxygen
diffusion time to bet5x2/D0;17 min in our case that is in
good agreement we our TGA measurements at 650 °C. Al-
thoughD0 is a function of temperature and oxygen stoichi-
ometry, we expect that this estimation provides the right or-
der of magnitude for the oxygen diffusion in YBa2Cu3O6.1,
the actual material used in our experiments. The resistance
measurement taken at the same conditions as TGA shows
that an electrical steady state is achieved in a time scale of
the order of 103 min, i.e., 2 orders of magnitude larger than
the bulk diffusion of oxygen.

Grain size and material density play an important role in
the determination of both diffusion and resistance relaxation
time. Data presented so far refer to polycrystalline samples
with a typical grain size of 20mm ~ab plane! and density
ranging between 4.1 and 4.6 g/cm3. We also performed re-
sistance measurements on thin films and high-density ce-
ramic ~density.5.5 g/cm3!. In the latter case the time re-
quired to get steady resistance value increases up to one
week at 650 °C. Note, however, that single grain cannot be
considered isolated when the sample density is higher than
90–95% of the single-crystal density and therefore the bulk
diffusion time increases too. Isothermal resistance measure-
ments taken on thin films show that relaxation time is typi-
cally a factor 5–10 shorter than in pellets with density,5
g/cm3. The time scale is still much higher than bulk oxygen
diffusion.

X-ray studies were performed in order to see whether the

FIG. 4. Temperature dependence of the normalized resistance of
YBCO.R0 is the resistance value measured at the starting tempera-
ture, i.e., 650 °C, 750 °C, and 30 °C for~a!, ~b!, and ~c! respec-
tively. ~a! and~c!: sample was previously treated at 650 °C in argon
for 3000 min;~b!: sample was treated at 750 °C for 2000 min fol-
lowing the heat treatment of Fig. 1~b!. Measurements were taken
during several cooling and heating cycles. Arrows and numbers
show the thermal cycle path used during acquisition of resistance
data. The sample was always kept in argon during these cycles.

FIG. 5. Time evolution of the normalized resistance measured
during steplike temperature change.R0 is the initial resistance value
measured at room temperature at the beginning of the heat treat-
ment. The sample was first heated, following the procedure of Fig.
1~a!, up to 709 °C and kept at this temperature for 2000 min, then
temperature was suddenly increased up to 747 °C and kept for 1000
more mins. Note that it takes;500 min to get a steady resistance
value at 747 °C.
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heat treatments provoke irreversible modifications in the ma-
terial. X-ray-diffraction patterns were taken in samples
quenched in different instants of the heat treatment of Fig.
1~a!. X-ray-diffraction patterns show that at the beginning,
when oxygen content is equal to 6.94 per u.f., the compound
has orthorhombic symmetry. The orthorhombic-tetragonal
transformation starts when theR/R0 value is;10. ForR/R0
above 50 the material is completely tetragonal and it has also
tetragonal symmetry at the end of the process. All the spectra
lines which appear in the diffraction pattern can be assigned
to the corresponding YBCO phase and no spurious phases
were detected.

In a further experiment, sample heated with the procedure
of Fig. 1~a! up to 820 °C in Ar atmosphere was subsequently
exposed to oxygen for five minutes at 820 °C and then
cooled in oxygen at 10 °C/min to room temperature. A large
resistance decrease occurs when oxygen is introduced at
820 °C. At the end of the process, at room temperature, the
value ofR/R0 is close to 1 and low-temperatures measure-
ments show superconducting transition at;90 K. This indi-
cates that, from the resistance point of view, the material is
back to its original condition.

These experiments show that samples do not suffer irre-
versibly decomposition during our experiments. We men-
tion, however, that the decomposition pressure for
RBa2Cu3O61x ~R5rare earths! material was measured using
a solid-state electrochemical cell.8,11 If we take the nominal
partial pressure of oxygen in our experiments~10 ppm; 1
Pa! it turns out that the corresponding decomposition tem-
perature is;700 °C in the phase diagram reported in Ref. 8
and 11. This contrasts with our observations that show no
traces of spurious phases in sample treated in Ar flux up to
820 °C. Graderet al.3 did not find sign of decomposition in
samples treated in conditions similar to ours~820 °C in He
atmosphere! in agreement with our observations. Note,
moreover, that we found no discontinuity in the resistivity
curves at 700 °C and the main features of the high-
temperature resistivity that we report in this work are also
observed in samples treated below 700 °C. This corroborates
the fact that conditions used in our experiments are below
the decomposition line of tetragonal YBCO. We ascribe the
discrepancy with results reported in Ref. 8 and 11 to the
different methods used to evaluate such low oxygen partial
pressure in different experiments.

DISCUSSION

High-temperature resistance measurements in tetragonal
YBCO were reported in the literature by several authors with
a large data spread.2–12 We have actually shown that mea-
surements taken in dynamical conditions provide cycle-
dependent curves@Fig. 4~b!# and steady-state resistance is
obtained only keeping sample a few days at the same tem-
perature~Fig. 5!. When this procedure is used we obtain the
plot of Fig. 3 that shows a maximum in theR vs T curve.
Graderet al.3 reported an identical behavior working in ex-
perimental conditions similar to ours. The presence of theR
vs T maximum is also reported by Nowotny11 and other
groups5,8,10 although the latter authors reported resistance
curves as a function of pressure instead of temperature. Note
that the height and the temperature at which the maximum

occurs are the same in these independent experiments, indi-
cating that preparation conditions and sample quality do not
affect results once the sample density and the experimental
procedure are the same. We may therefore conclude that the
maximum in theR vs T curve is a genuine feature of the
high-temperature resistivity of tetragonal YBCO obtained in
very low oxygen partial pressure.

Curves reported in Fig. 2 are obtained in nonequilibrium
conditions, although the sweeping temperature rates are quite
slow. TheR vsT data measured at a very slow sweeping rate
0.1 °C/min ~this experiment lasted several days! is actually
quite similar to that obtained in the steady state~Fig. 3!
while the maximum in theR vs T curve is shifted towards
higher temperatures as the temperature sweep rate increases.
Briefly we may summarize our results in two main experi-
mental facts:~1! Long relaxation time~;103 min at 650 °C!
is required in order to get electrical equilibrium at high tem-
peratures;~2! the steady-state resistivity exhibits a maximum
occurring at;650 °C in flowing inert gas.

In order to correlate the observed electronic properties
with the structural features of oxygen-deficient YBCO, we
briefly remind the reader of the main neutron-diffraction
studies. It is known that YBCO undergoes an orthorhombic
to tetragonal transition~in macroscopic scale! as soon as the
oxygen content is lower than;6.4 per u.f. In an ideal tetrag-
onal phase the oxygen of the basal plane is expected to
equally distribute into the~1/2,0,0! and the~0,1/2,0! posi-
tions. Neutron studies have recently shown, however, that
oxygen vacancies tend to distribute in a way not completely
random. Radaelli et al.24 have actually found that
YBa2Cu3O61x can best be described as a mixture of ortho-
rhombic and tetragonal phases in the composition range 0.25
,x,0.45, while Sonntag and coworkers25 reported evi-
dences of superstructure due to oxygen defect ordering in
YBa2Cu3O6.35. We just mention here that we also found evi-
dence of short-range oxygen order in YBa2Cu3O6.2 obtained
after long-time isothermal treatment at 490 °C by means of
electron-diffraction patterns. It has been also pointed out that
the orthorhombic to tetragonal transition is first order and
metastable phases can coexist in several regions of the phase
diagram depending on the thermal cycle used.24 Based on
these observations, we expect that the tetragonal side of the
YBCO phase diagram is rich in metastable phases achieved
under particular conditions~thermal path, annealing time,
etc.! and characterized by different degrees of oxygen order.
Further, Shaked and coworkers17 have shown, by combined
resistivity and neutron-diffraction measurements at room
temperature, that the electronic properties of YBa2Cu3O6.25
are closely related to oxygen ordering. They ascribed this
relation to a charge-transfer mechanism, similarly to what is
believed to happen in the orthorhombic phase. We shall as-
sume that this close relation between the electronic proper-
ties and oxygen order occurs also in the high-temperature
region of the tetragonal YBCO phase diagram.

We now discuss the origin of the long-time relaxation
processes. Although, curves shown in Figs. 4 and 5 are ob-
tained at a very low oxygen partial pressure~,10 ppm!, one
may argue that the oxygen stoichiometry can change during
a temperature sweep. Combined TGA and resistance mea-
surements show that bulk oxygen diffusion occurs in a time
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scale that is much shorter~2 orders of magnitude! than resis-
tance relaxation. Therefore we have to assume that another
process occurs in a time scale longer than bulk oxygen dif-
fusion. Based on the structural studies mentioned before, we
propose that long relaxation time is due to oxygen ordering
~or disordering! within the tetragonal YBCO structure. The
long-time scale at which these processes occur is character-
istic of a special class of oxides~which tetragonal YBCO
probably belongs to! whose origin is related to the competi-
tion among metastable phases. Material stability is indeed
given by a shallow minimum of the free energyG(T,x,...)
5H2TS5(U1PV)2TS that is a function of physical
~T,P,V,...! and chemical~oxygen concentrationx, oxygen
ordering,...! parameters. EnthalpyH is usually the dominant
term and it has well-defined minima which provide stable
atom configurations. However, in a special class of oxides,
including Fe12xO and CeO22x, the entropy termS may
dominate, especially at high temperatures, and in such a case
the free energy gets a broad shape typical of entropyS. In
these materials, known as nonstoichiometric oxides, different
oxygen configurations are allowed. The origin of this pecu-
liarity is related to the mixed valence of metals~Fe, Ce,...!,
i.e., the possibility to assume different oxidation states.26 In
the family of YBa2Cu3O61x there are two stoichiometric
phases, obtained forx50 and 1, in which there are neither
defects or vacancies of oxygen~chains are completely full or
empty!. It has been pointed out, however, that oxygen de-
fects ~vacancies! may assume different equivalent coordina-
tions whenx,0.5 in YBa2Cu3O61x and this increases the
entropy contribution11 ~there are 4 equivalent positions in the
CuO basal planes for oxygen defects in the tetragonal phase
instead of 2 in the orthorhombic one!. Long relaxation time
is required in order to find a configuration with favorable
energy conditions. In a previous work we have shown that
the relaxation time needed to achieve a steady state can ac-
tually be modified by changing the metal valence in qualita-
tive agreement with this model.12 In the last few years, time-
dependent phenomena, such as photoinduced electrical
changes14–16as well as structural modifications occurring in
the time scale of several minutes,17 have been observed in
oxygen-deficient YBCO at room temperature. In Fig. 4~c! we
have shown that theR vs T curve depends on the thermal
cycle even below 200 °C. This suggests that different time-
dependent phenomena have the same origin and they occur
in a wide region of temperature and oxygen concentration.

In the following we discuss the maximum of theR vs T
curve shown in Figs. 2 and 3. We first point out that, despite
the high oxygen mobility, the ion conductivity is smaller
than the electronic one, hence the latter is the dominant con-
tribution to charge transport even at high temperatures.27

Graderet al.3 interpret the resistance bump as a metal - non-
metal transition. We report here further experiments that may
better clarify this issue. In Fig. 3 we note that the steady-state
resistance increases as temperature increases from 500 °C to
650 °C suggesting a metallic behavior. We point out, how-
ever, that all samples treated atTp>500 °C for a long time
exhibit cycle-dependent resistance during the following slow
cooling, i.e., the behavior is similar to that reported in Fig. 4.
Further, we note that the slope ofR vs T is actually slightly
positive ~metal-like! for Tp5500 °C yet samples treated at
600 °C show coolingR vs T curves quite similar to those

reported in Fig. 4 with both positive and negative slopes. In
this case the classification as a metal is meaningless, al-
though we deal with samples treated below the maximum of
the curve reported in Fig. 3. In order to characterize the
resistance behavior above 650 °C, we performed further
measurements in samples treated up to 820 °C following the
procedure of Fig. 1~a!. Resistance measurements were taken
during a quick cooling, i.e., the oven cooling time which is
;20 min to get 600 °C from 820 °C. Plotting the resistance
as a function of 1/T in a semilog scale we found straight
lines with different slopes~i.e., activation energiesE0! in
samples heated at different rates. Activation energy values
found in such a way are different from what we found taking
the steady-state resistance values: in this case we measured
E051.2 eV while measurements on quenching give activa-
tion energy ranging between 0.2 and 0.8 eV. Note thatE0
obtained from high-temperature resistance ranges from 0.1 to
0.7 eV in data reported in the literature.6 These results show
that above 650 °C the resistance behavior is actually ther-
mally activated ~semiconductorlike! even when different
thermal procedures are followed. However, we conclude
from these experiments that the resistance maximum shown
in Fig. 3 cannot be simply considered as a sharp metal-
nonmetal transition occurring at a given temperature
~650 °C! in a stoichiometric compound. In other words, we
have also to take into account the resistance dependence on
oxygen concentration and/or oxygen order. We expect in-
deed that oxygen defects strongly determine the charge car-
rier hopping mechanism by changing both the density of
electronic states and the hopping length~energy!. The con-
centration and the order of oxygen defects change as tem-
perature changes and, according to what we discussed be-
fore, these structural modifications depend on the preceding
thermal path. Hence we believe that the shape of theR vs T
curve reported in Fig. 3 mainly reflects structural changes
which occur continuously above 500 °C. This model may
also account for the wide spread results found in the litera-
ture and in our experiments. We can hardly distinguish
whether the major effects of structural modifications are on
the density of electronic states or in the hopping length.
However, it is worth reminding the reader that we found that
oxygen slightly decreases from 6.2 to 6.1 per u.f. as the
temperature increases from 500 °C to;600 °C. It is likely
that the resistance increase is essentially due to a decrease of
the density of electronic states in this temperature range. We
just note that this is consistent with early Hall effect
experiments.28 At higher temperatures~T.650 °C! the oxy-
gen content is reduced to a very little, and probably ulti-
mates, value~6.1 per u.f.! and it is likely that the charge-
transfer mechanism is less efficacious. Carrier hopping is
thermally activated, yet oxygen order may determine the
characteristic activation energy by changing, mainly, the
hopping length in this temperature range.

In conclusion we have studied the high-temperature resis-
tance of tetragonal YBa2Cu3O61x following different experi-
mental procedures. Our experiments show that there are two
main features of the resistance at high temperature:~1! a long
relaxation time~typically ;103 min at 650 °C! is required to
get a steady resistance value;~2! the steady-state resistance
plotted as a function of temperature exhibits a maximum at
;650 °C. Comparison of resistivity and thermogrametric
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measurements taken at the same conditions shows that oxy-
gen diffusion occurs in a time scale much shorter than the
achievement of steady resistance. We proposed that the long
relaxation time observed in resistivity measurements are re-
lated to oxygen ordering~or disordering! and we discuss the
resistance maximum in terms of the nonstoichiometry of the
YBCO tetragonal phase. Our observations may help to ac-
count for controversial results reported in the literature~for
example the activation energy of charge transport in tetrag-
onal YBCO! and they suggest that time-dependent phenom-

ena occur in a wide region of tetragonal YBCO phase dia-
gram.
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