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ABSTRACT: Electrical conductivity relaxation was measured to 
investigate the kinetics of oxygen incorporation (in-diffusion 
process) and excorporation (out-diffusion process) in different
epitaxial REBa2Cu3O7−δ thin films prepared by chemical solution 
deposition. The oxygen diffusion in these compounds happens in 
two distinct regimes with different activation energies, which 
depend on the compound. As the detailed X-ray analysis of
similarly processed REBa2Cu3O7−δ films revealed, the transition 
temperature between these two regimes is compatible with a 
transition in the oxygen ordering in the Cu−O chains from the 
Ortho-II phase to the Ortho-I phase. These transitions may be of 
great importance for further optimization of the oxygenation 
process during the synthesis of these compounds but may depend
not only on the rare-earth (RE) element but also on further factors such as variations of stoichiometry. The presented electrical 
conductivity measurements provide easy access to the determination of these transition temperatures.
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INTRODUCTION

Functional oxides are a vast group of compounds, which
gained great interest in many different fields. For decades, new
physical properties of these compounds have been discovered
that have revealed their enormous potential for novel
applications: optoelectronic devices, photocatalysts, informa-
tion and energy storage, water splitting, ferroelectrics,
ferromagnets, superconductors, and so forth. These excep-
tional physical properties are strongly related to their electronic
structures, surface morphology, interfaces, microstructure,
defect landscape, and strain state, among others. Therefore,
the study of the effects of these factors on the different
functionalities is a key step in achieving practical applications
of these oxides. Among the multiple functional oxides,
superconductors and, in particular, high-temperature super-
conductors are among the most studied in the last two
decades. Their ability to save energy by reducing the electrical
resistance to zero at temperatures even above 77 K makes them
extremely attractive for use in the form of wires in many
different applications such as generators, motors, or in the
electrical grid. The spread of their use would mean a step
toward a very efficient and therefore environmentally friendly
power technology. In recent years, REBa2Cu3O7−δ (REBCO,
RErare earth) compounds have attracted the attention of
both research and industry since their properties, especially

their high critical temperature (Tc) and large current-carrying
capability even at high fields, promise applicability in multiple
power and high-field devices if fabricated as coated conductors
(CCs).1−4 The crystallographic structure of the REBCO
compounds depends on the value of δ (i.e., the oxygen
content): it is tetragonal for high values of δ and orthorhombic
for low δ values, where δ itself depends on temperature and
oxygen partial pressure in thermodynamic equilibrium, and
only the orthorhombic phase(s) shows superconductivity at a
finite critical temperature Tc. Therefore, the tetragonal/
orthorhombic transition depends on the particular conditions
under which the oxygen is introduced in the structure. For
example, in YBCO, the phase transition takes place at ∼700 °C
in a pure oxygen atmosphere for δ ∼ 0.5.5−8 In the
orthorhombic structure, the oxygen atoms start to incorporate
periodically in the Cu−O chains, forming superstructures
(different arrangements of oxygen atoms in the Cu−O chains,
which extend into multiple unit cells), which have different
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periodicities along the a-axis.6 Kinetic effects may preclude the
formation of such types of oxygen-ordered structures. Never-
theless, De Fontaine et al. proposed an equilibrium phase
diagram of the different superstructures depending on the
oxygen content and temperature.5 Understanding the mech-
anism behind these changes in the oxygen content and
ordering is a key point in controlling the final superconducting
properties of the CCs. Besides, it will also allow a better
comprehension of other phenomena related with the oxygen
content in REBCO films as, for example, the resistive
switching.9,10

Within the family of REBCO, YBa2Cu3O7−δ (YBCO) is
probably the best-known and -studied compound since it was
the first superconductor showing a Tc above liquid-nitrogen
temperature (LN2, 77 K). However, there are other REBCO
compounds that could exhibit better electrical properties than
YBCO aside from small improvements in Tc and, therefore, be
very attractive materials to be studied in depth.11−15 These
improved properties originate from variations in the electronic
structure, the valence states, and, ultimately, the ionic radii of
the RE+3 ions within the structure.16−19 On the other hand, in
order to spread the use of high-Tc superconductors, it is
necessary to develop low-cost techniques for the fabrication of
high-performance REBCO CCs such as chemical solution
deposition (CSD). CSD, which was employed to prepare the
samples in this work (in particular, following the well-known
TFA-MOD route20), is a very competitive, cost-effective, and
scalable method to produce REBCO epitaxial films; therefore,
an extensive analysis of all the relevant processing steps is
worthwhile.21−24 A very important step in any CC
manufacturing process is oxygenation. Achieving the optimal
oxygen content in REBCO films is a critical issue in the
development of high-critical current superconductors. This
oxygenation process requires an exhaustive knowledge about
how oxygen diffuses into the films. The diffusion process has
been studied previously in multiple studies,25−32 and in most
of the cases, the kinetics of oxygen exchange have been
analyzed in terms of a volume diffusion process governed by
Fick’s laws. However, in recent years, this process has been
treated in a different perspective, giving more importance to
the surface reactions, which may be the slowest step in the
whole chain of oxygen exchange. Following this perspective,
Cayado et al. have explained oxygen diffusion in the case of
YBCO films as a surface-controlled process with several surface
reactions linked together, in which the chemisorption process
leading to the formation of ionized molecules or the
dissociation of the molecules leading to the formation of
ions at the surface is the rate-determining step (rds) for these
films.33 However, possible differences in the oxygen diffusion
in REBCO films with different RE ions have not been deeply
studied yet. For this reason, we studied the oxygen diffusion
process on several REBCO films in detail with the aim of
explaining the kinetics of the diffusion process and the
structural changes that occur during oxygenation in each
compound.

THEORETICAL BACKGROUND
The problem of oxygen diffusion in REBCO films of
(sufficiently small) thickness l can be treated, in a simple
way, as a one-dimensional diffusion process in a homogeneous
medium enclosed by two parallel infinite planes at positions
x = 0 and x = l. These conditions are the same as considering a
plane lamella of a material so thin that all the diffusing matter

enters the material through the plane faces and a negligible
amount through the edges. In this case, the problem is reduced
to solving Fick’s second law in one dimension34
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with C as the molar concentration, t the time in which the
diffusion is taking place, and D the material-dependent
diffusion coefficient. Two boundary conditions can then be
established: (1) there is no flow through the substrate (x =
0)33
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and (2) in first approximation, it can be assumed that at the
surface (x = l), the concentration gradient depends linearly on
the difference between equilibrium concentration Ceq and
surface concentration CS
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where k is the surface reaction rate, Ceq is the concentration
when the equilibrium is reached, and CS is the current
concentration at the surface. Solving the differential equations
for these boundary conditions, the following expression is
obtained33,35
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where γ = lk/D is a sample constant, τ is the relaxation time for
the surface-controlled process, and βn represents the nth
positive root of

tan( )γ β β= (5)

Considering that the largest contribution of the sum in eq 4
is given by the first term and the others are negligible and that
the conductance, G, is proportional to the average oxygen
concentration,33 eq 4 can be simplified as
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with some constant A, which depends on γ. The temperature
dependence of the relaxation time, τ, can be written as28
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The activation energy (Ea) of the process can, therefore, be
obtained by a linear fit of a natural logarithmic plot of τ over 1/
T; see Figure 1. Note that for bulk-dominated diffusion
processes, the expression would have the same form, but τ
would be determined by the bulk processes instead. An
example can be found in ref 29.

TRANSITION TEMPERATURE TO THE ORTHO-I 
PHASE
Figure 1a displays the temperature dependence of τ for the
out-diffusion process for REBCO films with RE = Er, Ho, Y,
Gd, and Sm. As expected, the τ values are larger at lower
temperatures in all films. The most interesting feature is a clear



change in the slope at a specific temperature for every RE
element, that is, in the activation energy Ea (eq 8). Figure 1b
shows the two determined slopes using YBCO as an example.
The transition temperature is given by the intersection point of
the straight lines. The same change in Ea was shown by Cayado
et al. for the out-diffusion process of YBCO films when varying
the temperature,33 and a similar effect was reported by Krauns
et al. on YBCO films when the oxygen partial pressure was
varied.30 This latter publication reported a kink in ln(R) versus
ln(pO2) and explained it by assuming that the electrical
resistance of the films depends on the oxygen content and the
structure of the compound. Accordingly, the tetragonal-
orthorhombic (T-O) transition should be indicated by a
sharp change in the electrical behavior of the films.
Considering these results, it sounds plausible that the observed
change in Ea, shown in Figure 1, may be attributed to the T−O
transition.
Furthermore, if the temperatures of this transition (kink

temperatures) are plotted against the RE3+ ion size (Figure 2),
a systematic decrease in the transition temperature with
increasing ion size, that is, a very similar trend to the one
reported by Su et al.36 for a transition temperature in bulk
samples, is observed. Remarkably, however, the transition
temperatures of Su et al. are overall around 100 °C higher.
In order to possibly relate the observed transition with the

T−O transition, a detailed analysis of the Tc values of the films
was carried out. If it is indeed the T−O transition, a change in
Tc from zero to finite values should be observed since the
tetragonal phase is not superconducting. However, in general,
this is not observed when plotting Tc versus c-axis and Toxy
(Figure 3). Only for SmBCO films, Tc = 0 is observed for Toxy

> 600 °C, meaning that the T−O transition happens around
this temperature for an oxygen partial pressure of 1 atm. In
fact, the SmBCO curve in Figure 1 presents two kinks. The
first one happens around 650 °C, and this value is very similar
to the one reported by Su et al. for SmBCO bulk samples,36 as
shown in Figure 2. However, the second kink temperature of
around 450 °C lies significantly lower. Therefore, apart from
this first kink for SmBCO, the kink transition should have a
different origin than the T−O transition. At Toxy < 250 °C,
zero Tc values are obtained for all films (not shown in Figure
3) because at such low temperatures, diffusion processes are
not taking place in reasonable timescales.
At first glance, the curves in Figure 3 appear very similar in

shape. However, if they are observed carefully, there are
remarkable differences. Focusing on YBCO, it is possible to
distinguish three different regions. The first one is a plateau at
low Toxy. In this region, Tc is quite stable and reaches its largest
value around 92 K. In the following second region, for 400 °C
< Toxy < 500 °C, the Tc values decrease, and finally, for Toxy >
500 °C, the Tc values tend to stabilize again but this time at
values around 60 K. This third region is commonly known as
the “quasi plateau” and was reported several times in the past
for different REBCO compounds.37−39 The dependence of Tc
on the c-axis parameter follows the same trend. In the first
region, for low values of the c-axis, Tc values are stable around
92 K. Then, at a certain c-axis value, Tc starts to decrease until
it becomes stable again at around 60 K for larger c-axis values.
This particular shape of the c-axis versus Tc curve with the
presence of several (quasi) plateaus is not completely
understood yet. However, the most accepted explanation is
that every particular way in which the oxygen is arranged in the
Cu−O chains, that is, every kind of oxygen ordering, has a
distinct Tc.

7,40 Thereby, the quasi plateau at 60 K corresponds
to an Ortho-II long-range ordered superlattice, which changes
to an Ortho-I phase whose characteristic Tc is ∼90 K, at a
particular oxygen content that adjusts with the temperature
and in turn affects the c-axis value.7,37 This means that the
oxygenation at higher temperatures (Toxy > 500 °C in this
case) induces a defined order in the oxygen atoms being placed
in the Cu−O chains in such a way that only some specific
chains are filled giving rise to the formation of the Ortho-II
phase (Cu−O chains are ideally filled following the sequence:
full−empty−full−empty...) characterized by a Tc ∼ 60 K. The
Ortho-II phase is kept in a range of oxygen content in which
the oxygen atoms are able to place in the Cu−O chains

Figure 1. (a) Dependence of the relaxation time on temperature for
the out-diffusion process of several REBCO films. (b) Example for the
determination of the activation energies and the transition temper-
ature (intersection point of the two lines).

Figure 2. RE ion size dependence of the transition temperatures
(second transition in the case of SmBCO) between the regimes with
different Ea, determined from the electrical conductance measure-
ments (blue) compared with the T−O transition temperatures by Su
et al.36
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according to the previously mentioned ordering but also
admits certain deviations of this ideal ordering so that the
phase is kept in a determined Toxy range (≲ 500 °C in this
case), producing the quasi plateau at ∼60 K. At some point, as
Toxy is reduced more and more and, therefore, more O atoms
are included in the chains occupying more places in the empty
chains, the Ortho-II phase is not stable anymore, and the phase
transition is reached. During this phase transition, the oxygen
ordering is not well-defined causing a steeper increase in Tc.
This transition state finishes at a particularly lower Toxy (∼400
°C in the case of YBCO) when a new oxygen ordering is
reached and the Ortho-I phase (Cu−O chains are filled
following the sequence: full−full−full−full...), in which the
commonly reported Tc (∼92 K in this case) of every
compound is reached.

Considering YBCO a well-defined reference, the oxygen
ordering of the other REBCO compounds can be recognized.
For all of them, Tc versus Toxy and Tc versus c-axis, as shown in
Figure 3, show a similar first region with rather stable and high
Tc values separated by a transition zone from a second region
with lower Tc values, which in some cases are constant and in
other cases, not. This first region with stable and high Tc values
corresponds to the Ortho-I phase of every compound. At a
certain RE-dependent temperature, the Tc values start to
decrease. This reduction in Tc ends in a second region with,
again, stable but lower Tc values (∼60 K) in the case of ErBCO
and HoBCO. This second region corresponds to the Ortho-II
phase of these compounds. In contrast, this second plateau at
lower Tc values is not clearly seen in the case of GdBCO and
SmBCO. This fact entails that in these compounds, Ortho-II is

Figure 3. Tc values in dependence of the oxygenation temperature (left column) and c-axis length (right column) for the different REBCO
compounds of this study.
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a short-order phase and only stable for a very specific oxygen
content. Any deviation from this oxygen content causes a
reordering of the oxygen which changes Tc. This is especially
clear in the case of SmBCO, where the plateau associated with
the Ortho-II phase is not visible at all, meaning that there is
not a defined oxygen order in this region, and Tc increases with
a certain slope. However, at a particular temperature, there is a
sudden change in this slope indicating that the oxygen starts to
place in a certain order in the Cu−O chains, initiating the
transition to the Ortho-I phase, which finally leads again to the
90 K plateau at lowest oxygenation temperatures.
GdBCO is an intermediate case. At intermediate Toxy (500

°C < Toxy < 700 °C), the increase in the Tc values slows down,
arriving at a kind of short-order range stabilization that could
be associated with the 60 K quasi plateau and, therefore, to the
Ortho-II phase. For Toxy < 500 °C, a drastic change in the
slope occurs toward the transition to the 90 K plateau, that is,
to the Ortho-I phase. In the following, the temperature at
which the transition from the Ortho-II phase to the Ortho-I
phase starts to take place will be called Ortho I−II phase (I−
II) transition temperature because in GdBCO and SmBCO
also, it can be assumed to be present (even though not clearly
detected) just as for ErBCO, HoBCO, and YBCO though with
a much shorter order range.
The I−II transition temperature for every compound

(marked with arrows in Figure 3) perfectly coincides with
the respective kink temperatures shown in Figure 2. This
shows that the transition between these two oxygen orderings
can be easily measured by electrical conductivity relaxation.
This relatively simple technique is sensitive to such phase
transitions and able to detect different oxygen arrangements in
the Cu−O chains, which could be very important for further
optimization of the oxygenation processes in REBCO films.
Moreover, this measurement technique could also be used for
the determination of different phase transitions or oxygen
arrangements in other complex functional oxides in a fast and
easy way. The trend of the Ortho I−II phase transition
temperature with the RE3+ ion size suggests a close relationship
between the temperature of the T−O transition and of the
Ortho I−II phase transition. The T−O transition temperature
decreases as the RE3+ size increases36 which is the same
behavior as for the Ortho I−II phase transition temperature.
However, the temperature difference between the T−O
transition and the Ortho I−II phase transition is not constant
but decreases as well with the increasing RE3+ ion size. This
means that the temperature range in which the different
oxygen Ortho phases can coexist becomes narrower with
increasing ion size, which can explain why for GdBCO and
SmBCO the extension of the Ortho-II phase plateau is smaller
or does not exist at all, respectively. It is important to note that
to be able to predict where the Ortho-II phase is formed for
every REBCO compound is of remarkable interest. This is
because Ortho-II shows an electronic anisotropy intermediate
between the Ortho-I YBCO phase and BSCCO phases,41 and,
therefore, this opens the possibility to investigate how the
different RE+3 ions modify the intrinsic anisotropy of these
compounds.

ACTIVATION ENERGY
The activation energy, Ea, is the energy barrier that a reactant
must surpass in order to undergo a certain reaction. According
to Cayado et al.,33 in the case of the diffusion process in YBCO
films, these reactions are the surface reactions that the oxygen

molecules must complete before entering the structure of the
REBCO compound. To be more precise, Ea would be the
energy required to carry out the rds, which in the case of
oxygen diffusion in YBCO films was found to be either the
chemisorption process leading to the formation of ionized
O2

2− molecules or the dissociation of the molecules leading to
the formation of O− ions at the surface.33 Therefore, Ea is an
indirect measure of the effort the whole diffusion process needs
in a certain temperature range and could be relevant
information for optimizing oxygenation processes in REBCO
films. However, this model was built for the diffusion process
at high temperatures, that is, for the diffusion when the oxygen
in the films tends to order according to the Ortho-II phase, and
did not consider the change in Ea when the oxygen ordering
changes to the Ortho-I phase.
According to eq 8 and Figure 1, the Ea values were defined

for the two different regimes: the Ortho-II phase at higher
temperatures and the Ortho-I phase at lower temperatures, as
shown in Figure 4. The Ea values in the Ortho-II phase are

lower than those in the Ortho-I phase for all RE ions, and this
difference is smaller for bigger ions. This means that the
diffusion process, in particular the rds, is faster in the Ortho-II
phase. Moreover, our Ea values for the YBCO films in the
Ortho-II phase are comparable with the data reported in the
past by several authors in different types of films (most of the
reported data are in this range of temperature).28,32,33

The fact that the Ea values are different for distinct oxygen
ordering phases in the REBCO compounds is not well
understood considering that at least in the high-temperature
region, one of the surface reactions is the rds. If the film surface
does not suffer any alteration for decreasing Toxy (to the best of
our knowledge, there are no publications reporting such
changes), there is no argument in this model to support a
variation in Ea unless the rds itself changes. Hence, our
hypothesis is that at low Toxy, when the oxygen is ordered in
the Ortho-I phase, the rds is not one of the surface reactions
but the so-called “bulk diffusion”, that is, the diffusion within
the a−b planes. This is very reasonable considering the path
the oxygen ions have to complete once they reach the a−b
planes for the different Ortho phases: in Ortho-II, only some of
the Cu−O chains incorporate oxygen ions, and therefore, the
filling process is relatively fast. If this process is faster than the
slowest surface reaction, the diffusion would be ruled by this
surface reaction. This is exactly what happens at high Toxy as
Cayado et al. proposed.33 However, at low Toxy, the Ortho-I
phase is formed, and in this case, all Cu−O chains are nearly
filled with oxygen. Consequently, the probability of the oxygen

Figure 4. Dependence of the activation energy on the RE3+ ion size.
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ions to find a free place in their neighborhood for diffusion is
much lower, and the in-plane diffusion process takes
significantly longer. Now the surface reactions are likely faster
than the in-plane diffusion, and the entire diffusion process is
controlled by the “bulk diffusion” with diffusion within the a−b
planes being the new rds. This change in the rds can perfectly
explain the observed change in Ea.
The dependencies of Ea on the ion size for both Ortho

phases have certain similarities but are not exactly the same. In
the Ortho-II phase, Ea shows a distinct minimum around the
ion size of Y3+ and therefore follows the tendency of REBCO
phase stability toward the most stable REBCO-123 phase
which is YBCO. Apparently, both the RE-Ba disorder as typical
for large RE ions and increased vacancies in the RE ion site as
typical for small ion sizes have an impact on the oxygen
diffusion activation energies and therefore decrease the overall
diffusion rates. However, in the Ortho-I phase, Ea is evidently
lower for bigger ions. This has already been observed in melt-
textured samples and explained by the variation of the lattice
constant among the different REBCO crystals and the
concomitant changes in the interaction energy of O(1) and
O(5) atoms.42 This has important consequences for
optimizing the oxygenation process of the different REBCO
compounds. As Ea decreases, to carry out the oxygenation
process at lower temperatures becomes possible in reasonable
times. This means that for a REBCO compound with lower Ea,
the overdoped state (which is reached at lower temperatures)
is possible to achieve more easily. It was shown in different
works43,44 that the overdoped state allows to enhance the
critical current density, and therefore, it is desirable to carry
out oxygenation processes to reach these overdoped states.
Also, for a fixed time that could be industrially reasonable,
REBCO with lower Ea, that is, those with a large RE3+ ion size
like GdBCO or SmBCO, requires lower Toxy than the usual
450−500 °C for YBCO.45

CONCLUSIONS
This work was devoted to study possible differences and
similarities in the oxygen diffusion process depending on the
RE3+ ion size in different CSD-grown REBCO films by
electrical conductivity relaxation. The differences between the
diffusion kinetics in the Ortho-I and Ortho-II phases (i.e., at
low and high Toxy, respectively), characterized by the different
Ea values, are related with the different kinds of oxygen
ordering in the CuO chains. This means that we have observed
the transition from the Ortho-II phase to the Ortho-I phase for
the first time with a sharp change in the diffusion rate
dependence and therefore in the activation energies. This
result shows that the electrical conductivity relaxation
technique is sensitive to these changes in the oxygen ordering
in functional oxides and can be used to determine similar
transition temperatures in other materials. Also, the kinetics of
the oxygen diffusion process depend on the particular REBCO
compound and on the oxygen ordering too. A new model to
explain the variation in Ea for the different Ortho phases has
been proposed based on the change of the rds from the surface
reactions in the Ortho-II phase to the bulk diffusion in the
Ortho-I phase. The activation energies in the Ortho-I phase are
lower for REBCO films with larger RE3+ ions. This helped to
explain why REBCO compounds with a large RE3+ ion size
require lower Toxy than YBCO films and also open the
possibility to achieve highly overdoped states in these
compounds in a reduced time per oxygenation process.

METHODS
Sample Preparation. The preparation method for the different
REBCO-TFA solutions has been described in ref 15. In summary, the
precursor salts of RE, Ba, and Cu (acetates; purity >99.99%, Alfa
Aesar) are mixed in the stoichiometric ratio 1:2:3 in deionized water
and trifluoroacetic acid (99.5+%, Alfa Aesar). Then, the mixture is
dried using a rotary evaporator, and the remaining solid residue is re-
dissolved in anhydrous methanol (99.9%). The final volume of
methanol is adjusted to obtain a concentration of 0.25 mol/l. The 220
nm-thick REBCO films are prepared by first depositing the precursor
solutions on 10 × 10 mm2 (100)-oriented LaAlO3 single-crystal
substrates via spin coating (6000 rpm for 30 s). Before deposition,
gold wires are attached with silver paste in the four corners of the
substrate to provide the electrical connections with the measurement
equipment later on (Figure 5). The subsequent “standard” pyrolysis
and growth processes are described in ref 46.

Electrical Conductivity Relaxation Measurements. The films’
conductance was determined in a 5 cm wide tubular furnace by
electrical measurements with a homemade 4-probe system in the Van
der Pauw configuration similar to experiments reported else-
where.31,47 50 The samples were mounted on an alumina plate and
contacted by CuNi44 wires that were led out of the furnace using
alumina tubes (Figure 5). These wires were connected to an HP
34410A multimeter, which recorded the conductance values.

The measurements were carried out at ambient pressure in two
different atmospheres: pure O2 to induce the in-diffusion process
(incorporation of O atoms in the structure) and pure Ar to induce the
out-diffusion process (outflow of O atoms from the structure). The
measurement protocol consisted of heating the samples to 750 °C
under pure Ar and then changing the atmosphere to pure O2 and
keeping it for 15 min. After that, the gas was changed back to Ar and
held for 1 h. Then, the temperature was decreased by 50 °C, and the
procedure was repeated (Figure 6 a). At lower temperatures (<500
°C), the diffusion processes became rather slow, so the O2
atmosphere was kept longer in order to measure a reasonable change
in conductance. The measurements were continued down to 300 °C.
The conductance steps corresponding to oxygen out-diffusion were
well fitted using eq 6, and the τ values were thus obtained (Figure 6b).
The fittings of the in-diffusion transients with eq 6 were equally good,
but the fact that the τ values were much smaller than those of the out
diffusion increased the uncertainty of the measurements and the later
analysis of the results.

Quench Processes. In order to correlate the conductance with
possible structural changes of the films, a detailed X-ray diffraction
(XRD) study of the REBCO films was carried out. Before the XRD
measurements, these films were subjected to the same thermal
processes as the films used in the conductance measurements. The
films were heated up to the objective temperature under an Ar
atmosphere. At this temperature, the gas was changed to O2 and kept
for the same time as in the conductance measurements. After that, the
films were quenched by immediately moving them from the hot zone
of the furnace, and the gas was changed back to Ar. This quench
procedure allows very fast cooling rates (>200 °C/min in the first 300
°C of decay) and, therefore, for freezing the oxygen content at the
equilibrium value of the respective oxygenation temperature Toxy by
avoiding oxygen in- or out-diffusion during cooldown. The gas during
the cooldown was Ar, which, as mentioned before, induces the out-
diffusion process. Nevertheless, as can be seen in Figure 6a, the out-

Figure 5. Conductance measurement system with a REBCO sample
mounted and contacted.
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diffusion is much slower than the in-diffusion. Therefore, considering
the high cooling rates and the slow nature of the out-diffusion process,
the oxygen content of the quenched films is presumed to correspond
to the temperature at which the quench started. Depending on Toxy,
we estimate 5% of maximum variation of the oxygen content with
respect to the initial value.
Thin-Film Characterization. The c-axis of the quenched films

was determined by XRD using a Bruker D8 diffractometer with Cu Kα

radiation in Bragg−Brentano geometry via the Nelson−Riley
procedure.51,52 The Tc values (Tc,90, Tc,50, and Tc,10, i.e., the
temperature at which the resistance is 90, 50, or 10% of the
normal-state value just above Tc, respectively) and ΔTc (Tc,90 − Tc,10)
were studied with a 14-T quantum design physical property
measurement system.
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