PHYSICAL REVIEW B VOLUME 54, NUMBER 9 1 SEPTEMBER 1996-1

High-temperature resistance of the YBaCu3Og, , tetragonal phase
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We have studied the resistance behavior of tetragonab@&8y ., , (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 lofigl0® min) isothermal heat treatment, tievs T curve exhibits a maximum
at ~650 °C. Resistance measurements taken during slow co@idg-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 shorter30 min at 650 °Q than resistance relaxatign-10° min at
650 °Q. We propose that the long relaxation time observed in resistivity measurements, similarly to other time
dependent phenomena reported in the literature, is related to orderimisordering of oxygen defects and
we conclude that the resistance maximum at 650 °C mainly reflects different oxygen configurations achieved
above 500 °C[S0163-18206)07633-3

INTRODUCTION considered as a spurious effect and shortly discussed. How-
ever, it is remarkable that if one keeps a sample of the ortho-
It is generally accepted that tetragonal ¥%BgOg. rhombic YBCO phase in flowing oxygen at high tempera-
(YBCO with 0<x<0.5) is a semiconductor. The character- ture, one gets almost immediately a steady resistance, while
ization of this semiconductor, however, is not definitively if the same specimen is driven into the tetragonal phase and
established especially for what concerns the electronic progkept in inert gas atmosphere it takes several days to get a
erties. Optical measuremehtsave shown that the character- steady electrical signaf. On the other hand, in the last few
istic energy gap is 1.7 eV. It has been found that tetragonaftears there were several reports on time-dependent phenom-
YBa,C;04, , With 0<x<<0.4 orders in a antiferromagnetic ena observed on oxygen-deficient YBCO. A change of the
state below~400 K although the effects of this transition on superconducting transition temperatufe was observed
the electronic transport properties have not been clearlwhen a YBaCu,Ogz, sample is heated fronT. to room
shown yet. Electronic transport properties of tetragonatemperaturé> Photoinduced changes on the electronic prop-
YBa,Cu,0q., , have been reported by several autfors. A erties of YBgCu,Og 4 have been observed as wElr!®
resistance decrease with increasing temperature has be€ompared studies of resistance and neutron diffraction on
found at high temperatures as the oxygen content is reduceBa,Cu;Oq o5 powders suggest that electrical changes can be
below 6.5 per u.f(Ref. 6. Freitas and Plaskett gave a datarelated to an oxygen ordering procé43heoretical studi¢§
interpretation in the framework of a conventional bandhave recently pointed out that a large variety of metastable
schemé Genossaet al. interpreted the high-temperature re- phases can be formed with different local oxygen ordering.
sistance within a narrow band picturayhile Yoo'° dis- Moreover, they found an intimate relationship between the
cussed it in terms of polaron conduction. However, theoxygen ordering and the electronic properties of the nonsto-
spread of data is quite large in the literature and we note, foichiometric YBCO?!® Despite that, a wide region of the
instance, that there is no general agreement on the char@CO phase diagram is still experimentally unexplored. In
transport activation energy of the semiconducting YBCO. particular little work has been done in order to see whether
High-temperature resistance data are found to be scarcetime-dependent phenomena occur at high temperatures, i.e.,
reproducible. Actually, most of the authors reported thatin the phase diagram region that is the most favorable for the
a “... long time is required to get a steady voltage...” al- formation of metastable phases.
though this “long time” was a few hours for somebody and  The aim of this work is twofold(1) to clarify to what
a few days for someone else. This behavior was generallgxtent it is possible to observe a reproducible high-

0163-1829/96/5@)/67637)/$10.00 54 6763 © 1996 The American Physical Society



6764

temperature resistance behavi@@} 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

YBa,Cu;04,, Was synthesized starting from CuO,
BaCQ;, and Y,0;. 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 6:98.03 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 chromatograpy.The x-ray-diffraction pattern
was made with a Philips WP 1830 powder diffractometer
with Cu K« radiation. The observed peaks were all assigned

to the orthorhombic YBCO compound spectra, no spuriou% 110 10

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 typic&ib plane size of 20
pum. The material is porous, holes are present, and the
sample average density is between 4.1 and 4.6 Y/d@ime
samples have a room-temperature resistivity of 1-€3em);
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
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FIG. 2. Normalized sheet resistance values as a function of tem-

resistance and weight measurements was the following: thgerature measured at various heating rates: the heating procedure

sample was quickly heatddate 10 °C/minin oxygen atmo-

used in this experiment was that represented in Hig. Ry is the

sphere up to 400 °C then the atmosphere was changed tesistance value measured at room temperature at the beginning of

argon and the heating rate was set to a given védeéveen

the heat treatment.
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L L e B P B oxygen atmosphere, then the atmosphere was changed from
oxygen to argon and the temperature was kept constant until
L A . we measured a steady resistance value, see . Tlypical
a relaxation times are of the order of daysThis 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
d lies along aR vs T curve showing a maximum at about
650 °C. As expected, we observe tAgt,, andR,,,, of Fig.
3 (steady-state resistarcits the general trend of curves of
Fig. 2 (heating, namelyT .4 iS the lowest andR,,, is the
o L L highest one. Weight measurements performed at beginning
400 500 600 700 800 900 and at the end of isothermal heat treatment show that the
Temperature (°C) final oxygen content is 6.200.05 per u.f. forT, between
) ) ) 500 and 550 °C and 6.#1.05 per u.f. wherm ;=600 °C.

F!G. 3. Normallzed_sheet resistance E_:\S a_functlon of temperature In a third set of experiments, we studied tRevs T be-
pbtalned gt the end of isothermal annealing in argon atmospRgre. havior during cooling. Samples were first annealed in argon
Ir?ir:he ;etﬂstﬁnce value measured at rzo_m lt:(_empleDrgf;ure at the beg%?t'mosphere following the procedure shown in Fig)Jand

g of the heat treatment represented in i) 1Di erent sym- o the time required to obtain final oxygen content between
bols indicate samples made by two different laboratories. h

6.1 and 6.2 per u.f. and a steady resistance value. The tem-

perature dependence of the resistance was then measured
corresponding to various heating rates between 400 °C anduring several slow cooling and heating processes taken at
820 °C. The sheet resistance is normalizedr§o the resis- rates ranging from 0.1 to 0.5 °C/min. We note that the sweep
tance measured at room temperature before any heat trea¢mperature rate~0.5°C/min are considered more than
ment. The starting-temperature of the horizontal axisgnough to get steady state in materials like silicides but also
400 °C, corresponds to the temperature at which the atmdn oxygen-rich YBCO as we have shown in our previous
sphere was changed from oxygen to argon and the actualork.!? Results are plotted in Fig. (& (T,=650°Q and
experiment begins. 4(b) (T,=750 °Q. In these plotR, is the resistance value at

We observe that all the curves have a similar shape athe starting temperature, i.e., 650 °C and 750 °C, respec-
though they were obtained at different heating rates. At thdively. Resistance curves show a maximum occurring at tem-
beginning, the sheet resistance grows with increasing tenperatures between 500 °C and 650 °C and a minimum occur-
perature, then it reaches a maximum and finally it decreaseing between 300 °C and 500 °C. A further characteristic is
with a further temperature increase. As the heating rate gethe sharp discontinuity of the slope of tRevs T curves at
slower, the maximum value of the resistariRg,, increases about 130 °Q~400 K). In Fig. 4(c) we report data obtained
and the temperatur€,,,, at which the maximum is reached in a short cycle up to 200 °C performed after heat treatment
shifts to lower values. at 650 °C for 3000 min and slow coolin@.5 °C/min. A

Resistance variation shown in Fig. 2 is due to a combinasample was permanently kept in flowing Ar, never exposed
tion of the change of the oxygen stoichiometry and the temto ambient during the whole heat treatment. In this d&gsis
perature dependence of the resistance. In order to separdte resistance at room temperature before the beginning of
these two effects, we performed thermogravimetric measurghe short thermal cycle. The plot reported in Figc)dshows
ments following the same heating treatment and environmermsnce more the discontinuity at130 °C in the slope of the
tal conditions, i.e., the heating treatment shown in Fig).1 two different curves obtained during heating and cooling.
Such thermogravimetric analysis shows that the materidlWe can consider that as one of the effects of the antiferro-
does not suffer any detectable weight change in the first heatragnetic transition reported by several authors. The sharp-
ing ramp under oxygen atmosphere up to 400 °C. Aboveaness of the knee at130 °C depends on the thermal cycle
400 °C when the atmosphere was switched from oxygen tosed in experiment. This suggests that the whole thermal
argon, we observed that the oxygen content reaches the valagcle used to prepare samples is very important when one
of 6.2 per u.f. as soon as the normalized resist&®ié® gets  wants to study the antiferromagnetic state.
~100, almost independently to the heating rate. Reached this The most striking result, however, is the fact that hes
value, the oxygen content decreases only very slightly and it curve is not reproducible but it depends on the thermal
is not more detectable with our experimental sensitivity.cycle, see Fig. &) and 4c). In other words, the sample is
However, weight measurements performed before and afterot at equilibrium when temperature is swept even
the heating treatment indicate that the final oxygen conceri‘slowly.” The following experiment may help to elucidate
tration is 6.07-0.05 per u.f. Thus in the last part of the heat this point. Following the procedure described in Figr)lwe
treatment the oxygen content slightly changes between 6.2 foeated the sample up to 400 °C ip,@hen we switched the
6.1 per u.f. atmosphere to Ar and we swept the temperature at 0.5 °C up

In order to see to what extent the maximum in BesT  to 709 °C and we maintained this temperature until a steady
curve is a feature of tetragonal YBCO, we report in Fig. 3 theresistance was observed. Aftei2000 min the temperature
resistance values obtained at the end of isothermal heat treatas quickly increased up to 747 °C and the resistance was
ments in argon atmosphere. Namely the sample was heatedntinuously monitored. Results are shown in Fig. 5.
up to a given temperaturg, at the rate of 10 °C/min in Thermogravimetric measurements, taken upon the same heat
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Temperature (°C) were already reported in our previous wéHhere 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
1.2 e min at 556 °C. The oxygen self-diffusion coefficiet, for
o C : YBCO at high temperatures for different oxygen nonstoichi-
& r )] Rd .
z 11f ] ometry has been reported by several authordlatsui
3 - cooling ] et al® reported thatD,~4x10"° cn/s at 650 °C for an
g 1 F - - < . average oxygen content of 6.3 per u.f. Taking a typical grain
2 s I ] size of x~20 um (typical dimensions of theb plane for
3 09F - = ; which oxygen diffusion is fast¢mwe can estimate the oxygen
3 s _—> = ] diffusion time to bet=x?/D,~17 min in our case that is in
£ os n heating = good agreement we our TGA measurements at 650 °C. Al-
= : ] thoughDy is a function of temperature and oxygen stoichi-
0.7 PRI S T [ VO T S T R IR . . . . .
0 50 100 150 200 ometry, we expect that this estimation provides the right or-
Temperature (°C) der of magnitude for the oxygen diffusion in YBau;Og 4,

. ) the actual material used in our experiments. The resistance
FIG. 4. Temperature dependence of the normalized resistance gfieasurement taken at the same conditions as TGA shows
YBCO. Ry is the resistance value measured at the starting tempergp5; an electrical steady state is achieved in a time scale of
wre, .., 650 °C, 750 °C, and 30. C féa), (b), and (c) TeSPEC-  the order of 18 min, i.e., 2 orders of magnitude larger than
tively. (a) and(c): sample was previously treated at 650 °C in argon e pulk diffusion of oxygen
for 3000 min; (b): sample was treated at 750 °C for 2000 min fol- =" iy o170 and material density play an important role in
lowing the heat treatment of Fig(l). Measurements were taken ihe determination of both diffusion and resistance relaxation

during several cooling and heating cycles. Arrows and number: Dat ted f fer t | talli |
show the thermal cycle path used during acquisition of resistanc me. Dala presented so far refer 1o polycrystallingé samples

data. The sample was always kept in argon during these cycles. with a typical grain size of 2Qum (ab plang and density
ranging between 4.1 and 4.6 g/énWe also performed re-
treatment, show that there is no change of the bulk oxygesistance measurements on thin films and high-density ce-
content, at least within our experimental accuracy, during theamic (density >5.5 g/cni). In the latter case the time re-
temperature change between 709 °C to 747 °C. Yet, we olyuired to get steady resistance value increases up to one
serve that it takes-500 min to get a steady resistance valueweek at 650 °C. Note, however, that single grain cannot be
after the temperature change. Steplike temperature changesnsidered isolated when the sample density is higher than
performed at lower temperatures show the same resistan@—-95% of the single-crystal density and therefore the bulk
relaxation occurring in time longer as the temperature dediffusion time increases too. Isothermal resistance measure-
creases. ments taken on thin films show that relaxation time is typi-
To get more insight on this long-time relaxation processcally a factor 5—-10 shorter than in pellets with density
we performed combined resistance and thermogravimetrig/cnt. The time scale is still much higher than bulk oxygen
(TGA) measurements. We followed the isothermal procedurdiffusion.
of Fig. 1(b) with various T,. Some characteristic curves  X-ray studies were performed in order to see whether the



54 HIGH-TEMPERATURE RESISTANCE OF THE YB&€uOg. - - - 6767

heat treatments provoke irreversible modifications in the maeccurs are the same in these independent experiments, indi-
terial. X-ray-diffraction patterns were taken in samplescating that preparation conditions and sample quality do not
quenched in different instants of the heat treatment of Figaffect results once the sample density and the experimental
1(a). X-ray-diffraction patterns show that at the beginning, procedure are the same. We may therefore conclude that the
when oxygen content is equal to 6.94 per u.f., the compounghaximum in theR vs T curve is a genuine feature of the
has orthorhombic symmetry. The orthorhombic-tetragonahjgh-temperature resistivity of tetragonal YBCO obtained in
transformation starts when tf R, value is~10. ForR/R, very low oxygen partial pressure.

above 50 the material is completely tetragonal and it has also ¢ rves reported in Fig. 2 are obtained in nonequilibrium

tetragonal symmetry at the end of the process. All the spectrgygitions, although the sweeping temperature rates are quite
lines which appear in the diffraction pattern can be assigned,,, Ther ys T data measured at a very slow sweeping rate
to the corresponding YBCO phase and no spurious phas%fl °C/min (this experiment lasted several days actually

were detected. . o . . .
. . uite similar to that obtained in the steady stdfég. 3
In a further experiment, sample heated with the procedurtgvh“e the maximum in thek vs T curve is shifted towards

of Fig. 1(a) up to 820 °C in Ar atmosphere was subsequently . her t ¢ the t i ©i
exposed to oxygen for five minutes at 820 °C and them'g er temperatures as the temperature sweep rate increases.

cooled in oxygen at 10 °C/min to room temperature. A |argeBl’Ief|y we may summarize our results in two main experi-

resistance decrease occurs when oxygen is introduced Hental facts(l) Long relaxation _tlmE(fvl'O.g min at 650 °G
820 °C. At the end of the process, at room temperature, thi 'équired in order to get electrical equilibrium at high tem-
value of R/R, is close to 1 and low-temperatures measurePeratures(2) the steady-state resistivity exhibits a maximum
ments show superconducting transition~&30 K. This indi- ~ occurring at~650 °C in flowing inert gas.
cates that, from the resistance point of view, the material is In order to correlate the observed electronic properties
back to its original condition. with the structural features of oxygen-deficient YBCO, we
These experiments show that samples do not suffer irrgdriefly remind the reader of the main neutron-diffraction
versibly decomposition during our experiments. We men-studies. It is known that YBCO undergoes an orthorhombic
tion, however, that the decomposition pressure forto tetragonal transitiofin macroscopic scaleas soon as the
RBa,Cu,Os ..« (R=rare earthsmaterial was measured using oxygen content is lower tharn6.4 per u.f. In an ideal tetrag-
a solid-state electrochemical cBf* If we take the nominal onal phase the oxygen of the basal plane is expected to
partial pressure of oxygen in our experime(® ppm~ 1  equally distribute into th&€1/2,0,0 and the(0,1/2,0 posi-
Pa it turns out that the corresponding decomposition temtjons. Neutron studies have recently shown, however, that
perature is~700 °C in the phase diagram reported in Ref. 8oxygen vacancies tend to distribute in a way not completely
and 11. This contrasts with our observations that show nNeandom. Radaelli etal?* have actually found that
traces of spurious phases in sample treated in Ar flux up t§pa,c,0;, , can best be described as a mixture of ortho-
820 °C. Gradeet al” did not find sign of decomposition in - o mpic and tetragonal phases in the composition range 0.25
samples treated in conditions similar to o820 °C in He <x<0.45, while Sonntag and cowork&tsreported evi-

atmosphere in agreement W't.h our obse:rvanons. .N_ot_e, dences of superstructure due to oxygen defect ordering in
moreover, that we found no discontinuity in the resistivity y 5 Cu,0g 55 We just mention here that we also found evi
o 6.35 -

curves at 700 °C and the main features of the high- ; .
T . ; dence of short-range oxygen order in Y,BayOg , obtained
temperature resistivity that we report in this work are also ge oxyy 2 6.2

) . : after long-time isothermal treatment at 490 °C by means of
observed in samples treated below 700 °C. This Corr0borate(ﬁectron—diffraction patterns. It has been also pointed out that

Whe orthorhombic to tetragonal transition is first order and
Smetastable phases can coexist in several regions of the phase
iagram depending on the thermal cycle ust@ased on
hese observations, we expect that the tetragonal side of the
YBCO phase diagram is rich in metastable phases achieved
under particular conditiongthermal path, annealing time,
DISCUSSION etc) and characterized by different degrees of oxygen order.
Further, Shaked and cowork&fsiave shown, by combined
High-temperature resistance measurements in tetragonedsistivity and neutron-diffraction measurements at room
YBCO were reported in the literature by several authors withtemperature, that the electronic properties of YB#&Os o5
a large data spredd’? We have actually shown that mea- are closely related to oxygen ordering. They ascribed this
surements taken in dynamical conditions provide cycle+elation to a charge-transfer mechanism, similarly to what is
dependent curvefFig. 4b)] and steady-state resistance is believed to happen in the orthorhombic phase. We shall as-
obtained only keeping sample a few days at the same tensume that this close relation between the electronic proper-
perature(Fig. 5. When this procedure is used we obtain theties and oxygen order occurs also in the high-temperature
plot of Fig. 3 that shows a maximum in thevs T curve. region of the tetragonal YBCO phase diagram.
Graderet al2 reported an identical behavior working in ex-  We now discuss the origin of the long-time relaxation
perimental conditions similar to ours. The presence ofRhe processes. Although, curves shown in Figs. 4 and 5 are ob-
vs T maximum is also reported by NowotHyand other tained at a very low oxygen partial pressiiel0 ppm), one
groups®10 although the latter authors reported resistancenay argue that the oxygen stoichiometry can change during
curves as a function of pressure instead of temperature. Note temperature sweep. Combined TGA and resistance mea-
that the height and the temperature at which the maximunsurements show that bulk oxygen diffusion occurs in a time

the decomposition line of tetragonal YBCO. We ascribe th
discrepancy with results reported in Ref. 8 and 11 to th
different methods used to evaluate such low oxygen parti
pressure in different experiments.
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scale that is much shorté2 orders of magnitudehan resis- reported in Fig. 4 with both positive and negative slopes. In
tance relaxation. Therefore we have to assume that anothdéris case the classification as a metal is meaningless, al-
process occurs in a time scale longer than bulk oxygen difthough we deal with samples treated below the maximum of
fusion. Based on the structural studies mentioned before, wihe curve reported in Fig. 3. In order to characterize the
propose that long relaxation time is due to oxygen orderingesistance behavior above 650 °C, we performed further
(or disordering within the tetragonal YBCO structure. The measurements in samples treated up to 820 °C following the
long-time scale at which these processes occur is charactgerocedure of Fig. (B). Resistance measurements were taken
istic of a special class of oxidesvhich tetragonal YBCO during a quick cooling, i.e., the oven cooling time which is
probably belongs fowhose origin is related to the competi- ~20 min to get 600 °C from 820 °C. Plotting the resistance
tion among metastable phases. Material stability is indeeds a function of IV in a semilog scale we found straight
given by a shallow minimum of the free ener@(T,x,...) lines with different slopedi.e., activation energieg,) in
=H-TS=(U+PV)—-TS that is a function of physical samples heated at different rates. Activation energy values
(T,P,V,..) and chemical(loxygen concentratiorx, oxygen found in such a way are different from what we found taking
ordering,..) parameters. Enthalpyl is usually the dominant the steady-state resistance values: in this case we measured
term and it has well-defined minima which provide stableE,=1.2 eV while measurements on quenching give activa-
atom configurations. However, in a special class of oxidestion energy ranging between 0.2 and 0.8 eV. Note that
including Fg_,O and CeQ@_,, the entropy termS may obtained from high-temperature resistance ranges from 0.1 to
dominate, especially at high temperatures, and in such a cage7 eV in data reported in the literatft@hese results show
the free energy gets a broad shape typical of enti®pin  that above 650 °C the resistance behavior is actually ther-
these materials, known as nonstoichiometric oxides, differentnally activated (semiconductorlike even when different
oxygen configurations are allowed. The origin of this pecu-thermal procedures are followed. However, we conclude
liarity is related to the mixed valence of metde, Ce,.), from these experiments that the resistance maximum shown
i.e., the possibility to assume different oxidation stafesn  in Fig. 3 cannot be simply considered as a sharp metal-
the family of YBgCuOg,, there are two stoichiometric nonmetal transition occurring at a given temperature
phases, obtained for=0 and 1, in which there are neither (650 °Q in a stoichiometric compound. In other words, we
defects or vacancies of oxygéchains are completely full or have also to take into account the resistance dependence on
empty. It has been pointed out, however, that oxygen de-oxygen concentration and/or oxygen order. We expect in-
fects (vacancies may assume different equivalent coordina- deed that oxygen defects strongly determine the charge car-
tions whenx<0.5 in YBaCuO4,, and this increases the rier hopping mechanism by changing both the density of
entropy contributioh' (there are 4 equivalent positions in the electronic states and the hopping lengéimergy. The con-
CuO basal planes for oxygen defects in the tetragonal phasmntration and the order of oxygen defects change as tem-
instead of 2 in the orthorhombic ond.ong relaxation time perature changes and, according to what we discussed be-
is required in order to find a configuration with favorable fore, these structural modifications depend on the preceding
energy conditions. In a previous work we have shown thathermal path. Hence we believe that the shape oRiws T
the relaxation time needed to achieve a steady state can amdrve reported in Fig. 3 mainly reflects structural changes
tually be modified by changing the metal valence in qualita-which occur continuously above 500 °C. This model may
tive agreement with this modét.In the last few years, time- also account for the wide spread results found in the litera-
dependent phenomena, such as photoinduced electricaire and in our experiments. We can hardly distinguish
change¥'®as well as structural modifications occurring in whether the major effects of structural modifications are on
the time scale of several minut&shave been observed in the density of electronic states or in the hopping length.
oxygen-deficient YBCO at room temperature. In Fige)dve ~ However, it is worth reminding the reader that we found that
have shown that th& vs T curve depends on the thermal oxygen slightly decreases from 6.2 to 6.1 per u.f. as the
cycle even below 200 °C. This suggests that different timetemperature increases from 500 °C~®00 °C. It is likely
dependent phenomena have the same origin and they occilnat the resistance increase is essentially due to a decrease of
in a wide region of temperature and oxygen concentration. the density of electronic states in this temperature range. We
In the following we discuss the maximum of tievs T just note that this is consistent with early Hall effect
curve shown in Figs. 2 and 3. We first point out that, despiteexperiment$® At higher temperatureg¢r >650 °Q the oxy-
the high oxygen mobility, the ion conductivity is smaller gen content is reduced to a very little, and probably ulti-
than the electronic one, hence the latter is the dominant conmates, valug6.1 per u.f) and it is likely that the charge-
tribution to charge transport even at high temperattifes. transfer mechanism is less efficacious. Carrier hopping is
Graderet al® interpret the resistance bump as a metal - nonthermally activated, yet oxygen order may determine the
metal transition. We report here further experiments that magharacteristic activation energy by changing, mainly, the
better clarify this issue. In Fig. 3 we note that the steady-statbopping length in this temperature range.
resistance increases as temperature increases from 500 °C toln conclusion we have studied the high-temperature resis-
650 °C suggesting a metallic behavior. We point out, how-tance of tetragonal YB&u;O4 .,  following different experi-
ever, that all samples treated Bf=500 °C for a long time mental procedures. Our experiments show that there are two
exhibit cycle-dependent resistance during the following slowmain features of the resistance at high temperafjea long
cooling, i.e., the behavior is similar to that reported in Fig. 4.relaxation time(typically ~10°> min at 650 °Q is required to
Further, we note that the slope Bfvs T is actually slightly get a steady resistance valyg) the steady-state resistance
positive (metal-like for T,=500 °C yet samples treated at plotted as a function of temperature exhibits a maximum at
600 °C show coolingR vs T curves quite similar to those ~650°C. Comparison of resistivity and thermogrametric
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measurements taken at the same conditions shows that oxgna occur in a wide region of tetragonal YBCO phase dia-
gen diffusion occurs in a time scale much shorter than thgram.
achievement of steady resistance. We proposed that the long
relaxation time observed in resistivity measurements are re-
lated to oxygen orderin¢pr disordering and we discuss the
resistance maximum in terms of the nonstoichiometry of the We thank G. Boara for the oxygen determination and S.
YBCO tetragonal phase. Our observations may help to adBertoni and C. Bucci for the SEM micrographs. We are
count for controversial results reported in the literat(fox  grateful to A. Migliori (Istituto di Chimica e Tecnologia dei
example the activation energy of charge transport in tetragMateriali e Componenti per I'Elettronica del C.N.R., Bolo-
onal YBCO and they suggest that time-dependent phenomgna, Italy who performed electron-diffraction patterns.
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