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Combining direct visualization of current-induced oxygen migration through optical microscopy and finite element modeling of driven
oxygen diffusion, we are able to estimate the average activation energy of oxygen motion in the crystallographic ab-plane of c-axis
oriented polycrystalline YBaxCuzO7_s films. Experiments and modeling are compared side-by-side for the case of constant cur-

rent electromigration as well as for a train of current pulses of varying amplitude. The simulations reproduce the induced resistance
changes after electromigration and confirm a high degree of spatial inhomogeneity in the stoichiometry. Assuming a temperature and
oxygen concentration dependent resistivity, we are able to capture the change of superconducting critical temperature, normal state
resistance, and the development of multistep transitions as a function of the electromigration history. The simulations are further
applied to scrutinize the influence of activation energy, disorder in oxygen content and initial oxygen concentration on the electro-
migration process. These results shed new light on the non-local modifications produced by the electromigration process on oxide
conductors.

1 Introduction

The copper oxide YBayCuzO7_s (YBCO) is arguably one of the most widely investigated materials in
the last decades due in part to its rich variety of electronic phases spanning from antiferromagnetic semi-
conducting, non-Fermi liquid to superconducting behavior.[! The key ingredients allowing to navigate
through these phases are oxygen stoichiometry and oxygen ordering. This sensitivity to oxygen content
is not exclusive to this material but seems to be generally observed in a vast majority of complex oxide
compounds. From a technological standpoint, it is imperative to understand and master oxygen diffusion
through thermal processing, in order to achieve high-end coated-conductors and reliable bipolar non-
volatile resistive switchers. Consequently, an understanding of the chemical diffusion in YBCO may bear
profound implications to a large diversity of oxides materials and their derived applications.

The variation of oxygen concentration in YBCO mostly occurs in the O(1) sites of the CuO chains along
the crystallographic b-axis. In the superconducting orthorhombic phase (§ ~ 0), if the O(1) atom mi-
grates to a neighboring vacant O(5) site, it will find a channel along the b-axis direction with essentially
no diffusion barrier.!? It is expected that the associated activation energy E, will depend strongly on
the amount of oxygen atoms per unit cell, with E, lowering as the number of available sites (i.e. ¢) in-
creases. This has been indeed experimentally confirmed in YBCO crystals for which it was reported E, =
1.3eViford =0and E, = 0.5¢eV for § = 0.38.3 Concomitant isotopic 20 tracer diffusion measure-
ments by Rothman et al./* indicated a value of £, = 0.97 eV in the ab-plane of bulk YBCO pellets.
Similar value was reported for YBCO single crystals with stoichiometry 6 = 0.5 by Veal et al.[’) through
thermal annealing process. Soon after, Choi et al.[% calculated the oxygen tracer diffusion coefficients
using the cluster variation method in conjunction with the path probability method for a perfect lattice
and showed that activation energies are significantly dependent on the oxygen density and the degree of
long-range order, with £/, = 0.8 eV in the tetragonal phase and E, = 1.2 €V in the orthorhombic phase.
The fact that the activation energies for the oxygen diffusion decrease with decreasing oxygen content
was also confirmed in laser ablated thin films by Krauns and Krebs.[] In ref.!®l a migration energy as
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low as 0.3 €V has been calculated for oxygen ions in the ab-plane using a shell model for the orthorhom-
bic phase. A more in-depth investigation of oxygen tracer diffusion in untwinned single-crystalline YBCO
showed that the diffusion along the b direction can be at least 100 times faster than diffusion along the a
direction.” In all cases, diffusion along ¢ axis was reported to be substantially slower than within the ab
plane.

The dispersion observed in the reported values of the activation energy can be partially accounted for
by the fact that a distribution of activation energies depending on the local environment is to be ex-
pected.% More importantly, several paths of oxygen diffusion may coexist with diffusion along the sur-
face, the grain boundaries, and twin boundaries dominating over lattice diffusion as demonstrated by
comparing single crystals to polycristalline YBCO.!M This has been recently demonstrated via molec-
ular dynamics simulations by Wang et al.['?) where it was shown that oxygen diffusion in YBCO can be
enhanced in grain boundaries with an activation energy exponentially decreasing with the grain bound-
ary angle.

In general, the experimental investigations presented above rely on diffusive processes induced by ther-
mal annealing under controlled environmental conditions. Recently, a radically different approach con-
sisting in current-induced migration of oxygen, has been proposed.'¥ This technique has been imple-
mented to scan the entire temperature-hole concentration phase diagram in a single and the same sam-
ple." In this case, the agglomeration of oxygen vacancies manifests itself as a zone of higher reflectivity
thus permitting to track the temporal evolution of the affected area by optical microscopy.

In this work, we provide optical microscopy inspection of oxygen vacancy migration stimulated by high
current densities and complement this study with finite elements modeling in order to quantitatively as-
sess the effect of effective activation energy for oxygen diffusion. We demonstrate that the oxygen dis-
order induced by electromigration can take place simultaneously in several spots along the transport
bridge. Low frequency AC electromigration evidences an irreversible process which is accentuated if a
concentration-dependent activation energy is introduced. The modeling is able to capture the evolution
of the superconducting transition after electromigration as well as the oxygen vacancy mapping.

2 Results and Discussion

The investigated superconducting samples are YBCO thin films patterned into a multiterminal bridge
shape as shown in Figure 1. Eight voltage probes are used to individually assess the electrical response
of the three bridges connected in series. The length x width of the two side bridges is 5 yum x 3 pm,
whereas for the inner bridge the dimensions are 3 pm x 1 pum. All films exhibited superconducting criti-
cal temperatures T, ~ 85 K consistent with 6 ~ 0.2£0.05 defined as the maximum slope of the resistance
vs temperature R(7") curve.

2.1 Optical and electrical probing of oxygen vacancies migration

The electromigration process was achieved through two different approaches, namely (i) constant current
measurements and (ii) amplitude-dependent current pulses.

2.1.1 DQC electric stress

For the constant current measurements, a DC current is maintained by the source and the resistance

R of each of the three bridges is independently monitored as a function of the time elapsed ¢. The in-
set in the left panel of Figure 2 shows a scheme of the current polarity imposed and the color code used
to indicate the response of each bridge. At 3 mA (corresponding to 3 MA ¢cm™2 in the central bridge),

a small increase of the resistance as a function of time is observed in the three bridges. When the cur-
rent is increased to 6 mA the initial resistance increases substantially due to Joule heating. Surprisingly,
while the left and right side bridges exhibit an increase of resistance with time, the central bridge shows
a progressive decrease. Further increasing the current to 8 mA, shows that all three bridges reached a
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Figure 1: Optical microscopy image of the entire device after electromigration. The inset shows a scanning electron mi-
croscopy image of the three central bridges.

regime of decreasing resistance with time. A real time evolution of the optical microscopy images is avail-
able in the SI for a similar device. In order to understand this behavior, it is necessary to invoke the dis-
placement of oxygen vacancies from right to left and a simultaneous counterflow of oxygen ion. Within
this scenario, the increase of the resistance with time corresponds to the propagation of the front con-
sisting of an area of depleted oxygen in between the corresponding voltage probes. Eventually, the trail
of that front is reoxygenated and leads to a decrease of resistance. An optical image of the oxygen-poor
front (brighter color) obtained few seconds after applying 8 mA is shown in the inset of the middle panel.
The origin of the observed increase of reflectance when the oxygen content decreases has been investi-
gated by Kircher et al.!'®) by measuring the dependence of the dielectric tensor on the oxygen stoichiom-
etry. Additional experiment with lower alternative DC polarity are available in the SI.

Figure 3 shows the results obtained from numerical simulations for similar continuous current stress.

The initial reduced concentration (see Methods) xy = 0.76 has been chosen so as to approach the ex-
perimentally determined R(T) of the bridges. In addition, a disorder in oxygen distribution of dzq =

5 % with respect to the mean value xg, has been assumed. In ref.['3 it has been shown that after elec-
tromigration part of the bridge becomes deoxygenated down to a certain minimum value x,,;, whereas
other zones are oxygenated up to an upper value x,,,,. This can be understood as a consequence of a
concentration-dependent activation energy F,(z). In the present case, we have taken x,,;, = 0.5 and
Tonaz = 0.95.
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Figure 2: Experimental evolution of the resistance as a function of time under continuous electrical stress for the left, cen-
tral, and right bridges. The inset in the left panel shows the polarity of the current source and the color code associated

to each bridge. An optical microscopy image of the electromigrated YBCO device is shown as inset of the central panel.
Higher reflectivity (brighter zone) reveals the region with oxygen deficiency. Measurements performed at room temperature
and in ambient conditions.

For 3 and 6 mA the simulations show an initial resistance increase followed by a very stable state. The
fact that this stability plateau is reached in much shorter time-scale than in the experimental measure-
ments, suggests that in the experiments the entire substrate is heated by the current whereas in the sim-
ulations we assume that the bottom of the substrate is at a fix temperature. For 8 mA DC current, the
simulations reproduce the observed experimentally trend and confirm that the initial increase of resis-
tance produces a propagating front of depleted oxygen distribution, whereas the resistance decrease is
caused by an oxygenation process. The inset in the middle panel of Figure 3 shows a mapping of the
oxygen distribution obtained under the same conditions as the snapshot shown in the inset of Figure

2. The similarities are apparent: a bright arc-shaped front corresponding to the oxygen depleted zone
emerges from the central bridge, with a counter-propagating red color front indicating excess oxygen.
Note that the optical images clearly reveal the oxygen depleted zone, but are less sensitive to the zone
where oxygen content has increased.

2.1.2 AC current stress

The above described approach consisting of a constant bias current suffers from uncontrolled modifica-
tions to the sample and eventually by thermal runaway causing permanent damage to the bridges. In
addition, it is inconvenient for imaging since the oxygen diffusion proceeds during the acquisition time
of the CCD camera. To avoid these drawbacks, we resort to current pulsed measurements following the
protocol shown in Figure 4(a). Two consecutive probe current pulses of constant amplitude (Lo =
10 pA) and opposite polarity of 10 s duration are averaged to obtain the total resistance of the sample,
i.e. in between the external voltage contacts as shown in Figure 4(b). The probe pulses are followed, af-
ter 5 s, by 10 s pulsed current of variable amplitude Ipyg. After each pulse, the current is cut off for 5
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Figure 3: Evolution of the resistance as a function of time under continuous electrical stress for the left, central, and right
bridges as obtained by finite-element modeling with E, = 0.7 eV, o = 0.76, T, = 0.5, Tppae = 0.95 and dzg = 5 %.
Inset in the middle panel shows a mapping of the oxygen distribution (yellow / green color indicates the oxygen depleted

zone and red color the oxygen rich zone).
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Figure 4: (a) A bipolar I,.ope pulsed current is used to monitor the sample resistance whereas a Iprs > Iprobe Of variable
amplitude triggers the electromigration process. Optical microscopy images are acquired after each probe pulse. (b) The
total sample resistance picked up by the external electrodes is monitored before and during the Ipy g excitation. The panel
(c) shows the evolution of Iprs and the panel (d) the resulting evolution of sample resistance before (black points, left
axis) and during (white points, right axis) the application of Ipys. Representative optical microscopy images at different
stages of the electromigration process are shown in (e). Images labeled A-E acquired at the corresponding yellow points in
panel (c), provide direct optical contrast of the affected areas. Images labeled A’-G’ acquired at the corresponding green
points in panel (c), provide differential optical contrast of the affected areas.

s, much longer than the characteristic time of thermal relaxation (~
cool down to bath temperature. The panel (c) shows the oscillating Ipps with a maximum amplitude
of 8 mA. In the panel (d) the evolution of the total resistance of the device resulting from the oscillating

ps), 1617 to allow the sample to
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train of pulses is shown. Black circles correspond to the total resistance after the current pulse has been
applied, i.e. remanent resistance (left axis) whereas the white circles correspond to the total resistance
during the current pulse (right axis). The latter exhibits a parabolic shape resulting from the Joule heat-
ing and the temperature dependent resistance of the device whereas the former remains unaffected by
the Joule heating and represents a more convenient tool for unveiling the irreversible changes induced by
the electromigration process.

For current pulses up to Iprs ~ 6 mA, the remanent resistance of the device remains invariable, meaning
that the sample has not undergone any modification. For 6 mA < Ip;g < 7 mA, a slight decrease of the
sample resistance is observed. As demonstrated by Moeckly et al.'”) this effect cannot be solely ascribed
to a thermal annealing process resulting from Joule heating but in addition, a current stimulated redis-
tribution of chain oxygen vacancies needs to be invoked. This initial healing of the sample is followed by
a rapid increase of the resistance associated to long-range oxygen migration. Interestingly, when Ipy g
starts to decrease, the sample undergoes a healing process, even though the current flow does not change
polarity. The maximum of resistance recovery is obtained for Iprs ~ 0. Note that the recovery is incom-
plete, meaning that the sample experiences irreversible deterioration.™® Inverting the current polarity
does not provide much further healing but rather leads to another increase of resistance followed by a
plateau. As current amplitude alternates, a similar sequence of resistance peak-plateau stages develops
with the general trend towards an overall progressive deterioration of the device. This observation sug-
gests that low frequency AC-excitations may represent an effective way to increase the resistance of the
transport bridge in a controlled fashion. 1419
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Figure 5: Finite element modeling of the resistance and oxygen cartography evolution as a function of an oscillating cur-
rent pulse Iprg. For the sake of convenience, the Iprg as a function of pulse number already shown in Figure 4(c) is re-

plotted here. The simulated R,,q0, Rimin, 0Xygen concentration, and differential concentration mappings are to be directly
compared with the experimental data presented in Figure 4.
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Let us now analyze the induced inhomogeneous oxygen distribution as revealed by in situ optical mi-
croscopy. A selected set of images is presented in Figure 4(e) corresponding to different stages during the
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electromigration cycle process. A complete animation is available in the SI. For images A to E taken at
the yellow points indicated in panel (c), the image corresponding to the initial pristine state has been
subtracted in order to improve the contrast. Point A corresponds to the onset of electromigration which
becomes visible at the central bridge, where the current density and the local temperature are the largest.
Point B, taken at the plateau of resistance, shows the extent of the oxygen depletion zone (brighter re-
gion) obtained after reaching the maximum current amplitude. At this point the resistance of the de-
vice has decreased as a consequence of a partial replenishing of oxygen atoms in between the outer volt-
age probes. Point C is obtained after inverting the current direction and together with the image corre-
sponding to point B, demonstrates the directional character of the eletromigration process, with oxygen
vacancies moving with hole carriers. In D and E, the affected area has further expanded outside the ex-
ternal voltage probes, and therefore it is not captured by the electrical measurements.

When the current direction is inverted, the change of oxygen content in already affected areas becomes
nearly imperceptible in the bright microscopy images. A convenient way to unveil these changes is to
subtract consecutive images as shown in frames A’ - G’ of Figure (e). The point A’ is taken at the first
maximum of resistance and shows that modification of the oxygen content takes place mainly on the left
bridge. Point B’ corresponds to the maximum current amplitude and shows that oxygen vacancies are
mainly affecting the cathode side (-) which lies outside the outer voltage probes. The fact that the resis-
tance has decreases indicates that in turn, oxygen ions are replenishing the previously oxygen-depleted
zone in between the voltage probes. When inverting the current direction (C’ and D’) the oxygen con-
tent changes are rather minor in the already affected areas and more prominent in the unaffected right
bridge zone. Images E’F’, and G’ show that further oxygen displacement in these previously modified
regions does not happen locally as it would be the case for a single propagating front but in waves ex-
tending throughout the device. The reason for this effect lies on the multiterminal geometry of the sam-
ple which induces an inhomogeneous current distribution and hot spots of current crowding (see SI).
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Figure 6: (a) Amplitude of the current pulse Ipps as a function of pulse number. (b) Optical microscopy images corre-
sponding to the points labeled in panel (a). The brighter yellowish zones correspond to oxygen depleted areas. (c) Resis-
tance vs temperature showing the superconducting transition at the left (salmon panel), central (green panel), and right
(blue panel) bridges, respectively. The response of the pristine sample is shown with white points, after reaching maximum
current amplitude is shown with gray data points, and after reaching maximum current of opposite polarity is shown with
black points.

The results of finite element modeling of oxygen diffusion, for the case of pulsed electromigration are
shown in Figure 5. The same train of current pulses and overall measurement protocol as in the exper-
iment presented in Figure 4 are reproduced in the simulation. The parameters used for these simulations
(E, = 04 eV, zy = 0.76, 0xg = 5%, Tpmin = 0.5, Tpae = 0.95) have been chosen so as to approach
the experimentally determined initial R(T") of the device and the extent of affected area. Panels A-E
show the oxygen concentration mappings and panels A’-G’ indicate differential changes in the oxygen
concentration at selected points during the electromigration process. The resistance oscillations before
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(black points) and during (white points) the pulse, qualitatively capture the features observed experi-
mentally. The permanent changes in sample resistance start to happen for a current of 6 mA. The de-
crease of sample resistance at point A, results from the oxygenation of an initially less than optimally
doped sample (o = 0.76). Note that this reoxygenation takes place mainly at the central bridge where
the current density is higher and which contributes the most to the total resistance (i.e. in the pristine
state, ~50 % of the resistance measured at the outer probes comes from the central bridge). This local
minimum is followed by a rapid increase of resistance as the oxygen depleted zone propagates to the left
side. At the maximum of resistance, the local temperature reaches 671 K. Consistent with the experi-
mental observation, a healing process evidenced by a decrease of resistance occurs when the pulsed cur-
rent amplitude decreases. We attribute this effect to the thermally activated relaxation process. Indeed,
even though the applied current is smaller than that needed to induce electromigration, Joule heating
rises substantially the local temperature and induces a relaxation process driven by the pronounced gra-
dient of oxygen concentration that will partially reoxygenate the central bridge (see equation (1)). Below
certain current threshold no further changes are observed (oxygen diffusion is halted) and a resistance
plateau develops. This resistance plateau exceeds the initial resistance of the sample which, implies irre-
versibility in the electromigration process. Note that the modeling produces a lower irreversibility than
the one observed experimentally. This is also visible in the oxygen concentration mapping. Indeed, when
comparing points B and C, one can remark that at point C the previously deoxygenated region on the
left side of the device has been replenished and reoxygenated. To explain this discrepancy between the-
ory and experiment, one can invoke a concentration dependent activation energy (see discussion bellow
for more details) or simply oxygen loss to the environment due to the high temperatures attained dur-
ing the electromigration process. The modeling also shows local satellite maxima just before reaching
the maximum current amplitude. The origin of this satellite peak is that the high temperature and elec-
tric field at the central junction generate a better oxygen mobility and consequently a higher oxygen
flux than the neighboring junctions. In the case of a current moving oxygen to the right, this creates an
oxygen defect on the left side of the central bridge that cannot be directly supplied with oxygen coming
from the left. This temporarily produces an oxygen defect in the central bridge and thus gives rise to an
increase in resistance. Interestingly the differential images A’-G’ confirm that changes in the concentra-
tion during the current reversal take place simultaneously throughout the entire structure instead of in a
single propagating front.The complete simulation showing maps of oxygen content, temperature, current
density and electrical field of the results discussed in this section is available in the SI.
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Figure 7: Panel (a) shows the simulated oxygen maps for the same points A — F as shown in Figure 6(a) except for the
fourth point (formerly D) which is now taken after D. The red and yellow colors correspond to oxygen-rich and oxygen-
poor areas respectively. (b) R(T') curves for the left, center and right bridges. The color convention used is the same as in
Figure 6(c). The parameters for these simulations are F, = 0.7 eV, ¢ = 0.76, Z i, = 0.5, Zynae = 0.9 and dxg = 5 %.

Thus far we have investigated the global response of the entire device as the train of pulses oscillate in
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amplitude driving oxygen vacancies back and forth. We can obtain further insights by analyzing the lo-
cal modifications operating in each individual bridge. Figure 6 shows the R(7T") response at the left (salmon
panel), central (green panel) and right (blue panel) bridges for the initial (pristine) state (white dots),
after reaching the maximum applied current (point D, gray dots) and after reversing the polarity of the
current up its maximum value (point F, black dots). Some representative optical microscopy snapshots
for the points indicated as A B,....,F are shown. As evidenced by the snapshot D, the maximum applied
current (from right to left) gives rise to a substantial diffusion of oxygen vacancies, way beyond the outer
voltage contact. After this electromigration run, we observe that the right bridge exhibits a reduction of
the normal state resistance and a slight increase of the superconducting critical temperature. The cen-
tral bridge also exhibits a decrease of the normal resistance which is concomitant with a slight increase
of T,, whereas the left bridge shows increased normal state resistance and a double step transition. By
inverting the applied current polarity, thus replenishing of oxygen at the left bridge and inducing oxygen
vacancy displacement towards the right bridge, a healing of the resistance of the left bridge and a clear
deterioration of the conducting properties at the right bridge are observed. This is consistent with the
optical image shown in panel F.

As shown in Figure 7, the numerical modeling, assuming similar conditions as in the experiment, is able
to qualitatively capture most of the features and trends observed experimentally. Note that the simula-
tions predict that both central and left bridges should be severely affected by the electromigration pro-
cess, exhibiting a double-step transition. This is in agreement with measurements obtained by controlled
electromigration as reported in Figure3b and FigureS2 of ref.['¥. Nevertheless, some discrepancies be-
tween the experiment and the model can be pointed out. Namely, (i) the amplitude of the resistance and
critical temperature changes differ and (ii) the observed healing effect upon current polarity reversal is
less pronounced than predicted numerically. As we have stressed above, these discrepancies might arise
from important ingredients that are not taken into account in the present model, such as the effect of
oxygen chain ordering, oxygen content-dependent activation energy and loss of oxygen into the environ-
ment.

2.1.3 Effect of modeling parameters

Now that we have validated the proposed numerical model through direct comparison with experiments,
it is interesting to further scrutinize the influence of the different parameters involved in the model on
the electric response of the device and the spatial extent of oxygen diffusion. To that end, in Figure 8 we
monitor the resistance at remanence (i.e. after each current pulse) R,,;, and during the pulse R, as a
function of a pulsed current amplitude that increases linearly from zero and reaching a maximum value
of 8 mA at pulse 40 and then decreasing linearly down to zero at pulse number 80. Panels (a) and (b)
along with snapshots A-E show the influence of the activation energy F,. For E, > 0.4 eV the electro-
migration first induces a small resistance drop before leading to a resistance increase, consistent with the
experimental findings. As expected the larger E, the higher the current density needed to trigger elec-
tromigration. In addition, as F, decreases the maximum resistance achieved increases and consequently
so does the Joule heating. Therefore, for lower F, the attained highest temperature along the bridge in-
creases (panel (b)) and the oxygen diffusion further expands into the leads (snapshots A-E).

Figure 8 (c¢) and (d) show the resistance change when ,,,, is varied while the rest of the parameters re-
main constant. As a reminder, limiting the amplitude of the reduced concentration x is a zeroth-order
approximation to account for a concentration-dependent activation energy. Allowing to access smaller
values of oxygen concentration leads to more pronounced modifications of the resistance and higher tem-
peratures (panel (d)) although not major modifications are observed in the spatial extend of the dif-
fusion (snapshots F-G). Interestingly, we have found that modifications on the parameters maximum
oxygen concentration x,,.., the initial oxygen concentration zy, and the amplitude variation around the
mean value dzy have minor impact on the final state (see SI). In brief, the activation energy and the
lowest achievable oxygen concentration are the key parameters ruling the extent of the oxygen diffusion.
This finding suggests that the activation energy should depend on the actual oxygen concentration.
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Figure 8: The evolution of Ry, and Ry, for different activation energies are given in panels (a) and (b) respectively (E,
is given in eV). The other parameters remain unchanged: g = 0.76, T;nin = 0.5, Tyee = 0.95 and dzg = 5 %. Panels (c)
and (d) show R, and Ryq. for several a,,;, and constant activation energy E, = 0.4 eV. The snapshots on the right
show the oxygen distribution for the corresponding points A - I indicated in panels (b) and (d). The maximum attained
temperatures are shown in panels (b) and (d).

2.1.4 Oxygen concentration dependent activation energy

The extended mobility of oxygen in YBCO is, as mentioned above, greatly due to the presence of va-
cant sites in close proximity to the moving atoms, allowing for a less energetic diffusion mechanism by
interstitials in comparison to substitution mechanisms.?%?! This can aid in understanding why many
reports, including those mentioned in the introduction, show a smaller diffusivity of O with lesser oxy-
gen content. A good indicator of the oxygen ordering in many complex oxides are the elastic properties,
accessible via acoustic relaxation measurements as shown in the work of Cannelli et al..?? The elastic
energy loss of YBCO with variable 4 is shown to be distinct and to include separate structural phase
transitions, that occur at varying temperatures. The same authors show that, as a function of oxygen
content, the intensity of the three identified structural phase transition peaks shift,*® with two of them,
appearing at 400-600 K being characteristic of orthogonal YBCO and tetragonal YBCO having its char-
acteristic peak at significantly lower temperatures. The observed elastic energy loss is due to oxygen dif-
fusion and ordering in the orthorhombic lattice, and the activation energy of this process (~ 1.1 eV) is
higher than expected as one must take into account the restructuring of the whole orthorhombic oxygen
chains to accommodate further oxygen into the lattice. This is in agreement with the idea that twinning
in optimally-doped YBCO is a way to relieve strain from the highly non-stoichiometric structure of the
material. Seeing the increase in F, for both lower (as diffusion by substitution is more energetically de-
manding) and higher oxygen levels (due to orthorhombic oxygen chain restructuring), one could make an
argument for a parabolic shape of the oxygen diffusivity in the material, as has been seen for similar per-
ovskite oxides by Yoo et al.*¥ Looking for a good first approximation to model the experimental data,
we will now assume that our mobile oxygen has a peak diffusivity somewhere in the non-stoichiometric
region. Therefore, we propose in this section to investigate the effect of a parabolic E,(x) by imposing
that the average value over the allowed range of x is constant and equal to 0.4 eV. The lowest value of
the activation energy E, i, allows to label the different profiles.

Figure 9(a) shows the evolution of R, versus time for the profiles of E,(z) given in Figure 9(b). We
observe that the final resistance increases as E, ,;, decreases. This result can be interpreted as follows:
in the initial state the homogeneity of the oxygen concentration also implies homogeneity of the acti-
vation energy (close to the minimum of the parabola). The central bridge, where the electric field and
temperature peak, will quickly generate an asymmetric distribution of oxygen and consequently increase
the activation energy in the left and right bridges which will have a reduced mobility when the current

10
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changes polarity. This difference in mobility implies different oxygen concentrations and therefore differ-
ent resistances between the final and initial states. We therefore define the parameter AR = R ina— Rinit
(see Figure 9(a)) as an indicator of irreversibility. The evolution of this parameter as a function of E,
shown in the inset of Figure 9(b) indicates that an inhomogeneous activation energy accentuates the ir-
reversibility for the oxygen transport. This finding suggests that in order to explain the observed irre-
versible response of the electromigration process a concentration-dependent activation energy should be
invoked. Nonetheless, other effects such as oxygen loss could also play an important role.

3 Conclusion

To summarize, we have performed continuous DC and pulsed electromigration on YBCO while simul-
taneously recording the electrical signal in a multiterminal bridge and monitoring the oxygen displace-
ment by optical reflectometry . These results are compared to finite element modeling for which current-
induced oxygen diffusion is coupled to heat transport, including a temperature and concentration depen-
dent resistivity. The simulations are able to qualitatively and to certain extent quantitatively capture
the general trend observed in the experiments (electrical response and oxygen concentration mapping)
and allow to estimate the local temperature during the electromigration process and the activation en-
ergy associated to the diffusion process. In addition, the model permits us to explore the influence of
different parameters such as initial oxygen concentration, oxygen disorder, and activation energy, which
would require a colossal effort to address experimentally. These findings might shed light on the recent
investigation of DC and AC electromigration in YBCOU!™ and could be extended to explore the mem-
ristive properties of this materiall®® or the electrical doping of BiySroCaCusOs_s.[2%1 The close correla-
tion between experiments and theory may encourage further research to explore the predictive power of
the modeling to analyze the retention time and endurance of memristive devices based on oxygen motion
and the effect of degassing caused by oxygen out-diffusion. Even though the proposed modeling substan-
tially outperform previous attempts, ™ there are nevertheless further refinements that could be consid-
ered at expense of preventing accessible interpretation, such as 3D simulation structure, thermomigra-
tion, and a source term in eq. 1 accounting for oxygen loss.

4 Methods

4.1 Experimental details

Epitaxial 50 and 100 nm thick YBayCu307_s films were grown with the c-axis aligned perpendicular to
the film plane, by pulsed laser deposition on LaAlOjz single crystal substrates. For ensuring ohmic elec-
trical contacts, 200 nm thick Ag electrodes were sputtered and annealed by heating in an oxygen-rich en-
vironment. The films were patterned via photolithography and dry ion-beam etching into multiterminal
triple constrictions.

The optical microscopy images were obtained under atmospheric conditions with a 50x magnification
objective (NA = 0.5) followed by a 2x magnification lens and collected in bright field mode with a con-
tinuous green illumination filtered from a Hg lamp. The optical microscopy imaging is performed simul-
taneously with the electrotransport in order to be able to make a reliable comparison of the electromi-
gration effects.

4.2 Finite elements modeling

The model considers the YBCO sample as a continuous material whose state can vary locally between
tetragonal or orthorhombic configurations corresponding to oxygen concentration ¢ between c¢,,;, = 3.41x
10?8 and e = 4.01 x 10 ions m 2, respectively. ?”) We further assume that only the oxygen in excess
to the tetragonal state can contribute to the oxygen diffusion®® and define the adimensional variable

T = (¢ — Cmin)/(Cmaz — Cmin) to distinguish between insulating (x = 0) and superconducting (x = 1)
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4.2 Finite elements modeling

states. It is assumed that the temporal evolution of z is governed by equation (1). The first term on the
right-hand side represents a conventional diffusion process due to an inhomogeneous distribution of oxy-
gen while the second term comes from the combined effect of electron wind and electric field as a conse-
quence of an applied voltage V :

% =V(D.Vz 4 zuFzVV) (1)

Here D is the temperature dependent isotropic diffusion tensor with D = Dgexp(—FE,/kgT) and Dy =
1.4 x 1078 m?s~ [ E, is the activation energy in eV, kg is the Boltzmann constant, z the charge num-
ber of oxygen ions, u the Nernst-Einstein ration (u = D/RT) and F is the Faraday number. In addi-
tion, the heat equation (2):

PO = KT 4 gl T)P )
is solved in order to obtain the spatial distribution of temperature T', where p,, is the density in kg m=3,
C' the specific heat capacity in J kg™! K=, T' the temperature in K, & the thermal conductivity in W
K~! m™!). The second term on the right-hand side of equation (2) represents the Joule heating and in-
volves the resistivity of the material which depends on both the concentration and local temperature.
The functionality p(z,7) imposed in the model is taken from experimental values reported in ref.[?”) (see
Figure 10(a)). For T' > 300 K, we assume a linear dependent resistivity p(z,7T) = [14+a(T—Tres)]p(x, Trer)
with @ =5 x 1073 K~ determined by R(T) measurements and 7,.; = 300 K.

Finally, the Poisson equation is solved to obtain the electric potential distribution in the sample:

V2V =0 (3)

Note that the right-hand term of equation (3) is set to zero in order to guarantee charge neutrality through-
out the device. The electric field E = —VV is related to the current density J by Ohm’s constitutive
equation J = E/p(z,T) and does not take into account the ionic current whose contribution is negli-
gible.?®] The solution of the system of equations (1),(2) and (3) with proper boundary conditions is ob-
tained for the exact geometry of the real sample, using the finite element software COMSOL. 3% A top

view of the layout and the mesh used for FEM simulations is shown in Figure 10(b). Due to the small
thickness/width aspect ratio, a 2D version of the equations (1), (2) and (3) is solved for the YBCO layer
while only equation (2) is solved for the substrate. The values of the thermal coefficients are listed in the
Table 1. Slightly different thermal coefficient as reported in refs. 132 lead to similar results.

pm [kg m™3] C [Jkg ' K™Y k [W KT m™1]
LAO 652033 4501331 11,7031
YBCO 6300 [34:39] 520 [36:37] 10037

Table 1: Thermal coefficients used as input parameters in COMSOL simulations.

Having a system of coupled equations combined with logarithmic behavior of resistivity with concentra-
tion makes simultaneous resolution particularly demanding. In order to speed up the numerical calcula-
tions, an iterative time process with two steps per iteration is used. First, the temperature and potential
profiles are evaluated at iteration ¢ assuming = to be constant as determined in the previous iteration

1 — 1. During this step, the temperature dependence of the resistivity is assumed to be the temperature
profile from previous iteration. Second, the new spatial distribution of the concentration x is calculated
assuming 7" and V' constant. The values 7', V' and x at the first iteration are given by the initial condi-
tions of the problem. It is worth noting that equations 1 and 3 have been solved in ref.'3 but omitting
the heat equation 2, the fact that the resistivity is temperature and concentration dependent, and also
ignoring the exact geometry of the sample.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 9: Panel (a) shows the temporal evolution of R,y for the different E,(x) profiles given in panel (b). The observed
correlation between the irreversibility parameter AR = Rjfinai — Rinit and the lowest value of the activation energy is given
as the inset of panel (b). The others parameters are xg = 0.76, Tpmin = 0.5, Tymae = 0.95 and dxg = 5 %. The value of the
applied current corresponds to the first 80 pulses of the Figure 5.
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Figure 10: (a) Linear interpolation of p(z,T) data extracted from ref. (291 For values of T' above 300 K, a single o value
is derived from an R(T) curve for all oxygen concentrations. (b) Top view of the layout and the mesh used for FEM sim-
ulations. The positive (red) terminal is simulated as a current source while the negative (blue) terminal is connected to
ground. The value of the current injected at each time step of the simulation is dictated by the experimental values.
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