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Abstract

Local manipulation of oxygen stoichiometry offers a route to control the electronic properties of complex oxides, yet
the selective modification of individual current-carrying branches through oxygen redistribution remains unexplored in
multiterminal high-temperature superconducting junctions. In a YBa2Cu3O7−δ Y-shaped three-terminal device, we
demonstrate the possibility to electrically control oxygen vacancy migration on a hand-picked terminal while largely
preserving the other two. Oxygen-depleted propagating fronts are directly visualized by the resulting change in optical
reflectivity and they are linked to the evolution of the electrical response. The process is highly directional and determined
by the polarity of the applied current, allowing for the creation of either a converging or a diverging propagating front
from the central node of the Y-shaped device. The associated changes in resistance exhibit relaxation on a timescale of
minutes, driven by the vacancy concentration gradient. Effects of oxygen migration are also mapped by Kelvin Probe
Force Microscopy and Scanning Laser Microscopy, which probe work-function changes and spatially resolved variations
in the superconducting transition, respectively. Notably, the Tc contrast revealed by the latter provides a quantitative
handle on the underlying oxygen content, enabling direct visualization of oxygen redistribution. Finite-element modeling
and nanoprobe X-ray diffraction qualitatively reproduce the observed vacancy redistribution. These results establish a
post-fabrication route to locally tune properties of superconducting multiterminal devices such as nanocryotrons, yTron,
and tunable weak links.

Keywords: YBa2Cu3O7−δ, electromigration, superconductivity, superconducting junctions, defect engineering,
nanoelectronics

1. Introduction

Over the past several decades, the phenomenon
of current-induced atom migration has undergone a
paradigm shift: originally viewed as a major reliability
issue that limited the operational lifetime of integrated
circuits [1], it has evolved into a controllable and cost-
effective strategy for nanoscale fabrication [2]. The tech-
nique has been exploited across a diverse range of ap-
plications, including formation of nanogaps for single-
molecule electronic junctions [3, 4], realization of plas-
monic nanoantennas [5], removal of surface contaminants
in two-dimensional materials [6], creation of quantum
point contacts [7], modulation of superconducting weak
links [8, 9, 10, 11], fabrication of metallic nanowires [12],
memristors [13] and nanoheaters [14]. The driving mech-
anism originates from the interplay between momentum
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transfer from charge carriers to lattice ions and the action
of the electric field on the ions, a phenomenon known as
electromigration (EM). Effective implementation requires
the simultaneous presence of high current densities, el-
evated local temperatures, and sufficiently weak atomic
binding energies, conditions readily satisfied in a broad
class of metallic systems.

An especially intriguing case arises in complex
oxides such as the high-temperature superconductor
YBa2Cu3O7−δ (YBCO), in which charge carriers are pre-
dominantly hole-like. In addition, the ceramic nature of
the system leads to relatively high resistivity values, im-
plying that the direct force exerted by the electric field on
mobile species cannot be disregarded [15]. Charge trans-
port occurs preferentially along well-defined pathways as-
sociated with the Cu–O chains and CuO2 planes [16]. No-
tably, the O(1) sites located within the chains exhibit en-
hanced mobility and become susceptible to displacement
[17]. Under such conditions, the oxygen stoichiometry can
be modified by applying an electric current without induc-
ing significant structural degradation. This effect has been
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exploited both to reconstruct the phase diagram of critical
temperature as a function of oxygen content [18] and to
achieve in situ tuning of nanowire-based YBCO SQUIDs
[19]. Interestingly, these modifications can be undone, pro-
vided they involve a reversible oxygen motion within a
moderate atomic displacement regime [20]. Most of these
works have focused on transport bridges with a well de-
fined constriction, ensuring the spatial localization of the
EM due to current crowding effects.

The extension of the above approach from single con-
strictions to multiterminal devices has been investigated
in Nb-based circuits. In Ref. [21], it was demonstrated
that in three-terminal junctions, the properties of one ter-
minal can be selectively modified without affecting the re-
maining two. Similar behavior was observed in systems
comprising multiple terminals, where the spatial extent of
the modified region was shown to depend sensitively on the
terminal geometry [22]. From this perspective, potential
applications of the EM process in three-terminal devices
can be found in the domain of superconducting electronics,
such as the nanocryotron proposed in Refs. [23, 24], the
yTron proposed as a sensor and readout of current-flow
in a superconductor [25], or in tunable superconducting
weak links by injecting a normal current into the junction
[26, 27, 28].

In this work, we investigate three-terminal devices made
of YBCO and demonstrate the selectivity of the EM pro-
cess, similar to what has already been reported in Nb but
without involving major structural changes. The displace-
ment of oxygen vacancies is captured by multimodal char-
acterization, with local changes detected by optical reflec-
tivity, Kelvin Probe Force Microscopy (KPFM), and Scan-
ning Laser Microscopy (SLM). Depending on whether the
current density points away from or towards the central
node of the Y-shaped junction, oxygen vacancies can be
correspondingly moved away from or concentrated at the
center, highlighting the important role of current polar-
ity. We show that the retention of the EM-induced high-
resistance state is limited by a relaxation process driven
by oxygen concentration gradients. The relaxation time
follows an Arrhenius temperature dependence, consistent
with a thermally activated diffusion process. This allows
us to extract an activation energy and compare it with oxy-
gen diffusion barriers reported in previous studies. SLM
images enable the mapping of oxygen content by locally
assessing the superconducting critical temperature. Ex-
perimental findings are qualitatively reproduced by finite
element modeling and permit identification of the prevail-
ing mechanisms at play during EM and relaxation pro-
cesses.

2. Methods

2.1. Sample preparation

The devices studied in this work were fabricated from
50 nm-thick epitaxial YBCO thin films grown on SrTiO3

(STO) substrates by Pulsed Laser Deposition (PLD),
with similar deposition parameters as those reported in
Ref. [29]. The films were patterned into a three-terminal
geometry using photolithography followed by ion-beam
etching. The narrowest section of the device measures
approximately 2 µm, as depicted in the Atomic Force Mi-
croscopy (AFM) image in Fig. 1(a,b). Ohmic contacts
were obtained by sputter deposition of 50 nm gold pads
after ion milling. Several devices with superconducting
critical temperatures spanning from 83 to 89 K were mea-
sured, all yielding similar EM behavior.

2.2. Electric measurements
Each device can be modeled as three resistors, R1, R2,

and R3, connected to a central node, allowing extraction
of the individual contributions of each terminal from the
pairwise resistances Rij = Ri + Rj , for i, j = 1, 2, 3 and
i ̸= j. A schematic representation of the setup can be
found in Fig. 1. The electrical configurations used for EM
and for assessment of pairwise resistances are shown in
Fig. 1(a) and Fig. 1(b), respectively. Figure 1(c) illustrates
the equivalent circuit together with the relay-controlled
wiring used to automate switching between measurement
modes. Additional series resistors RLi account for the two-
wire resistance of the full measurement circuitry.

Electromigration is performed by concentrating the
highest current density in a selected terminal. Two current
polarities are defined: in the negative polarity, the target
terminal is connected to the current drain while the other
two terminals are connected to the current source (as in
Fig. 1(a)), whereas in the positive polarity, the target ter-
minal is connected to the source and the remaining termi-
nals to the drain. To achieve controlled oxygen migration,
a pulsed protocol is employed, as schematically illustrated
in the inset of Fig. 1(d). A sequence of 12 ms current
pulses with linearly increasing amplitude in 0.02 mA in-
crements is applied to drive EM in the selected terminal.
Between successive pulses, a 12 s probing window is used
to acquire low-current I–V curves between −100 µA and
100 µA, allowing resistance measurements with negligible
Joule heating (Pprobe ≈ 10 µW ≪ PEM). Figure 1(d)
shows the electrical response during a representative EM
cycle obtained using this protocol. The resistance mea-
sured during each current pulse is denoted by Rmax, which
is affected by Joule heating, while the resistance extracted
from the low-current probing window is denoted by Rmin.
This protocol enables real-time monitoring of the sample
response during EM, providing a direct means to follow
the evolution of the terminal resistances and to determine
when to interrupt the electrical stress. Each EM run con-
sists of a sequence of pulses terminated when a cutoff resis-
tance is reached, typically defined as a 5% increase relative
to the initial value of Rmin.

2.3. Far-field optical microscopy
The dielectric tensor of YBCO depends on the local

oxygen content, leading to a reflectance that varies with
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Figure 1: Methods: (a) AFM image overlaid with the schematic electrical connections for EM applied to terminal 1 with negative polarity.
(b) Same AFM image with the electrical connections for resistance measurement of R13 = R1+R3 between terminals 1 and 3. (c) Equivalent
circuit and relay wiring used to automate configuration switching during electrical measurements. Each terminal is modeled by a resistor
Ri, while the additional resistor RLi represents the series resistance of the remaining material outside the region between the voltage probes,
i.e., the ohmic contribution from areas farther from the central node. (d) Experimental electrical response during a representative EM cycle.
The left y-axis shows the resistance Rmax, measured during each current pulse, while the right y-axis shows the resistance, Rmin, obtained
during low-current probing windows between successive pulses. Inset: Schematic of the EM pulse protocol, consisting of linearly increasing
amplitude current pulses of 12 ms duration to drive atomic diffusion in the selected terminal, followed by a 12 s probing window comprising
low-current ramps of both polarities to measure the sample resistance with negligible Joule heating.

oxygen stoichiometry and light polarization, as thoroughly
characterized in the 2–5 eV energy range in Ref. [30]. Con-
sequently, local variations in oxygen stoichiometry produce
measurable optical contrast, with deoxygenated regions
exhibiting higher reflectivity and thereby enabling direct
visualization of oxygen migration [31, 32, 33, 34]. To mon-
itor the oxygen depleted regions in situ, we employed con-
ventional far-field optical microscopy, acquiring images of
the YBCO devices during or after EM experiments. The
optical setup consists of an Olympus 50× objective com-
bined with built-in 2× magnification, a non-polarized LED
white light source combined with a green bandpass filter
(λ = 550± 50 nm), a linear polarizer, and a Retiga 4000R
12-bit CCD camera. Prior to selecting this configuration,
different illumination wavelengths and both polarized and
unpolarized conditions were tested, and the EM effects
were consistently observed across all tested modes, how-
ever the chosen configuration provided the highest optical
contrast. Image processing was performed using the soft-
ware Fiji [35]: outliers were masked, and background con-
tributions were removed by subtracting a reference image

acquired prior to the onset of EM.

2.4. Kelvin-probe force microscopy

KPFM enables nanoscale mapping of surface potential
by measuring the local work function difference between
a conductive tip and the sample surface [36, 37]. In this
technique, an alternating voltage applied to the cantilever
generates an oscillating electrostatic force between the tip
and the surface. The resulting signal, detected by a lock-
in amplifier, is compensated by applying a DC bias to the
tip that nullifies the electrostatic interaction. The value of
this compensating voltage corresponds to the contact po-
tential difference (VCPD) and thus reflects local variations
in the work function. KPFM has been effectively employed
to visualize oxygen-content variations in YBCO [18]. In
the present study, measurements were carried out using a
Nanosurf DriveAFM system equipped with a Nanosensors
PPP-EFM conductive probe with a PtIr5 metal coating,
allowing high-resolution detection of surface potential con-
trasts associated with EM-induced oxygen redistribution.
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2.5. Scanning Laser Microscopy
SLM was employed to spatially resolve the local super-

conducting transition of an electromigrated device. To
achieve this, the sample surface is scanned with a 532 nm
laser, focused to a 1/e2-spot size of 1.5 µm, and modulated
by an optical chopper at a frequency of 188 Hz. During the
measurements, the device was biased with a low current
of 10 µA while the voltage response was monitored with a
lock-in amplifier. The periodic laser heating, confined to
a region a few times larger than the spot size [38, 39, 29],
induces a local resistivity modulation, generating a spatial
map V (x, y). This procedure was repeated over a temper-
ature sweep from 30 K (sample is superconducting every-
where) to 95 K (sample is entirely in the normal state) in
0.5 K steps to obtain a map of dR/dT (x, y), which is then
numerically integrated with respect to T to reconstruct the
local R(T ) behavior and extract a point-by-point estimate
of Tc across the device.

2.6. Finite-element modeling
The spatial and temporal evolution of oxygen and tem-

perature in the devices was simulated using the software
suite COMSOL Multiphysics assuming a two-dimensional
YBCO film with a virtual thickness of 50 nm. The film
was placed on a disk of substrate with a diameter of 60 µm
and a thickness of 5 µm. The model couples the electrical
current distribution, Joule heating, and oxygen redistri-
bution in the YBCO layer. Heat evacuation was only al-
lowed through the bottom surface of the substrate, which
was kept at 300 K, while heat losses through the top sur-
face were neglected. Electrical boundary conditions were
imposed to reproduce the connection scenario depicted in
Fig. 1(a) for the selective EM of one terminal. This finite-
element framework is a further development of the one re-
ported in Refs. [40, 20], with modifications introduced to
reproduce the present pulsing sequence, include relaxation
between successive pulses, and prevent unphysical oxygen
accumulation beyond full oxygenation. The oxygen state
was described by a normalized oxygen content XO follow-
ing the convention used in Ref. [40]. This dimensionless
variable maps the mobile oxygen content onto the interval
0 ≤ XO ≤ 1, where XO = 0 corresponds to the tetrag-
onal, strongly oxygen-depleted state and XO = 1 to full
oxygenation of the mobile oxygen sublattice. In this de-
scription, only the oxygen content in excess of the tetrag-
onal state is allowed to participate in diffusion and EM.
The resistivity of the YBCO film was calculated from an
oxygen-dependent resistivity law based on the data pro-
vided in Ref. [41], with the initial oxygen concentration
adjusted through the experimentally measured Tc. For nu-
merical stability, the tabulated resistivity dependence from
Ref. [41] was implemented using a spline interpolation. Fi-
nally, the absolute four-wire resistance was calibrated by
multiplying the resistivity law by a constant factor chosen
to reproduce the pristine device resistance.

The simulated pulsing sequence followed the same struc-
ture as the experimental protocol: First, the resistance

state was evaluated at low readout current, without Joule
heating or oxygen motion. Then, a current pulse of du-
ration 12 ms was applied, during which the electrical,
thermal, and oxygen-transport equations were solved in
a coupled manner. After each pulse, the system was al-
lowed to relax for 12 s at room temperature, considering
concentration-driven oxygen diffusion only. The resulting
oxygen profile was used as the initial condition for the
next pulse amplitude, in which the pulse current was in-
creased by 0.02 mA. Thus, the simulated sequence used
exactly the same pulse-current increment, pulse duration,
and inter-pulse relaxation time as the experiment.

Oxygen redistribution was modeled by diffusion and EM
according to

∂XO

∂t
= ∇ ·

[
D(T )∇XO −D(T )

Z∗F

RT
XO (1−XO)E

]
,

(1)
where E is the local electric field, Z∗ is the effective EM
charge number, F is the Faraday constant, R is the gas
constant, and T is the local temperature. The diffusion
coefficient was written in Arrhenius form,

D(T ) = D0 exp

(
− Ea

kBT

)
, (2)

using D0 = 1.4 · 10−8 m2/s from Ref. [17] and an activa-
tion energy Ea = 0.5 eV, supported by the experimental
findings in Sec. 3.2. The factor (1−XO) in Eq. (1) sup-
presses oxygen accumulation as XO approaches 1, prevent-
ing unphysical overdoping in the normalized concentration
description.

Mesh convergence was checked by repeating the full
pulsing sequence for several mesh densities and compar-
ing the resulting Rmin(Ipulse) curves and oxygen profiles.
The mesh was chosen such that further refinement did not
lead to appreciable changes in the pulse current at which
oxygen redistribution sets in, nor in the final oxygen pro-
files.

3. Results and Discussion

3.1. Targeted electromigration

Multiterminal devices, and in particular the Y-shaped
geometry, allow us to illustrate the ability to select the ter-
minal where atomic displacement will occur by applying
the appropriate electrical configuration. Additionally, this
design enables the determination of individual terminal re-
sistances Ri, which are otherwise experimentally inacces-
sible through direct measurement. Experimental evidence
of the targeted EM process is shown in Fig. 2, presenting
the final resistance measured when the stop criterion is met
after each of five EM runs applied successively to each ter-
minal under negative polarity. The initial resistances of
the three branches range from 500 Ω to 590 Ω, reflecting
slight differences in geometry. Each EM run was stopped

4



Figure 2: Results of 15 EM runs highlighting the method’s selectivity: During runs 1–5, terminal R1 was targeted; runs 6–10
targeted R2; and runs 11–15 targeted R3. Panels (a)–(c) show the evolution of the resistances of terminals R1, R2, and R3, respectively,
measured after each EM run. Panel (d) displays the resistances normalized to their initial values. Panel (e) presents the resistance relaxation
as a function of time following eight 5% EM runs performed at different temperatures and monitored for 2 h. Stretched-exponential fits
yielded temperature-dependent relaxation time constants with an average stretching exponent of β = 0.455± 0.004; almost no relaxation was
observed at 225 K within the same time window. Panel (f) shows the linearized Arrhenius plot of the relaxation time constant as a function
of inverse temperature, from which an activation energy of Ea = 0.52± 0.01 eV was obtained.

after a 5% increase in Rmin, as previously illustrated in
Fig. 1(d).

Under negative current polarity, oxygen vacancies are
expected to drift away from the central node and accumu-
late downstream along the driven terminal, leading to an
increase in its resistance. This behavior can be interpreted
in terms of the effective valence Z∗, which describes the
net electromigration force acting on the migrating species
[2]. Since oxygen vacancies drift along the direction of the
conventional current (i.e., the direction of positive charge
flow), the corresponding O2− ions move in the opposite
direction. Within our sign convention, this corresponds to
an effective electromigration charge Z∗ < 0 for oxygen un-
der the present experimental conditions. Importantly, Z∗

should not be identified with the nominal ionic charge. As
discussed by Truchly et al. [42], the effective electromigra-

tion force contains contributions from both the partially
screened ionic charge and momentum transfer from the
current carriers (the “charge-wind” force). In hole-doped
YBCO, the balance between these contributions depends
on the local conductivity and carrier concentration and
may therefore modify both the magnitude and, in princi-
ple, the sign of Z∗.

Figures 2(a–c) show the sequential EM of terminals R1,
R2, and R3. For the sake of comparison, Fig. 2(d) shows
the same data with normalized resistance values. The most
salient feature of this figure is the high degree of selectiv-
ity: when one terminal undergoes EM, only its resistance
changes significantly. Nevertheless, during electrical stress
to terminal i, a slight decrease in resistance is observed
in the neighboring terminals, j ̸= i as indicated by the
black dashed arrows in Fig. 2(b–c). For previously untar-
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geted neighboring terminals, this decrease is attributed to
oxygen replenishment as oxygen atoms migrate away from
terminal i toward the central node. In contrast, when a
neighboring terminal has already undergone EM, the ob-
served resistance decrease reflects the combined effects of
oxygen replenishment and a relaxation process, shown by
the black solid arrows in Fig. 2(a–b), which is discussed in
detail in the following section.

3.2. Relaxation process

Note that although each EM step was intended to pro-
duce a similar resistance increase, the observed increments
progressively decrease due to cumulative relaxation pro-
cesses. Indeed, each EM step accentuates the gradients
of vacancy concentration, which are the driving force for
the relaxation process. This relaxation occurs immediately
after EM, when the terminal is probed without any electri-
cal stress. To further investigate this effect, we monitored
the post-EM resistance for EM runs with a 5% cutoff per-
formed between 225 K and 330 K, as depicted in Fig. 2(e).
A single new device was used for the relaxation measure-
ments, as relaxation was found to be history-independent
(see Supplementary Material S1), and the temperature se-
quence was randomized to avoid systematic ordering ef-
fects. At the lowest temperature, 225 K, only a very weak
relaxation was observed within a 120–min monitoring win-
dow. At higher temperatures, the relaxation process be-
comes more apparent and follows a stretched exponential
dependence,

R(t) = R∞ +∆R exp

[
−
(
t− t0
τ

)β
]
, (3)

with time constants τ ranging from 13.75 to 2.08 min-
utes between 300 K and 330 K. The obtained averaged
stretched exponent β = 0.455 ± 0.004 is consistent with
similar relaxation processes observed in YBCO under pho-
toexcitation [29]. This functional form is characteristic of
disordered systems and phases, in which distinct local en-
vironments with distinct energy barriers yield a distribu-
tion of relaxation times. As shown in Fig. 2(f), plotting τ
versus 1/T and applying an Arrhenius fit, we obtain an ac-
tivation energy of Ea = 0.52±0.01 eV, within the range of
oxygen diffusion energies reported for YBCO [43, 44]. It is
worth mentioning that similar exponential relaxation be-
havior after electrical stress has been reported in Al struc-
tures, albeit with much longer characteristic times [45].
Additionally, negligible relaxation was observed in three-
terminal Nb samples [21], testifying to the high mobility
of oxygen vacancies in YBCO.

3.3. Visualization of the oxygen-depleted regions

3.3.1. Optical reflectivity
A more compelling piece of evidence for the targeted

EM process comes from direct optical visualization of the

oxygen-deficient zone, as manifested by its change in re-
flectivity [31]. Fig. 3 summarizes a selected set of snap-
shots of the optical response for sequences of 15 EM runs
applied to each terminal. The complete image sequence
is provided as a video in Supplementary Video 1. Again,
each run was halted upon reaching a 5% increase in Rmin,
and each subsequent run was initiated from the final cur-
rent value of the preceding one. In the first column, the
target terminal and the applied current polarity are indi-
cated, with the conventional current direction represented
by white arrows. The three central columns show incre-
mental differential optical images after 5, 10, and 15 runs,
each obtained by subtracting the image acquired imme-
diately before the corresponding run. In these images,
light blue regions indicate zones where oxygen depletion
takes place, whereas orange trails result from image dif-
ferentiation and oxygen accumulation behind the deoxy-
genation front. These images provide unambiguous evi-
dence that oxygen vacancy motion is highly directional,
consistent with an EM-governed mechanism and minimal
thermomigration effects. The separation between the two
colored lobes is linked to the increase in resistance dur-
ing the corresponding EM step, with a greater increase
in resistance leading to more widely spaced lobes. The
rightmost column of Fig. 3 shows the cumulative optical
changes induced by 15 EM runs on each terminal, obtained
by subtracting the pristine image from the corresponding
final image. It is worth noting that the rims along the
sample’s edges show a higher degree of oxygen loss.

3.3.2. Work function
For a semi-quantitative and spatially resolved analysis

of EM effects, we employed KPFM, which is sensitive to
oxygen redistribution through the doping dependence of
the YBCO work function. Figure 4(a) shows the KPFM
map of the device after 15 EM runs under negative po-
larity (same as in Fig. 3). The surface potential exhibits
a gradual variation away from the central node, reflect-
ing the redistribution of oxygen vacancies induced by EM.
The zero reference is defined on a pristine YBCO region
far from the center of the device. The measured work func-
tion difference, defined as ∆ϕ = ϕYBCO − ϕtip = −eVCPD,
is approximately 0.30 eV between the potential minimum
and the pristine region, consistent with previous compar-
isons between underdoped and slightly overdoped YBCO
[18]. A comparison between the KPFM and optical im-
ages of the same device (Fig. 3) reveals that the spatial
extent of the affected regions differs, with the work func-
tion signal being more spread out and less confined than
the optical signal. We attribute this difference to a slow
post-EM relaxation of the oxygen distribution. Indeed,
since the KPFM measurements were performed approxi-
mately two weeks after the optical characterization, they
likely reflect continued oxygen redistribution during this
time. Still, the dark contrast of the central node hints at
oxygen movement inwards when driving a vacancy front
outwards.
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Figure 3: Results obtained from optical microscopy collected during 15 successive EM runs performed on each terminal of
the same device: Panels (a-e), (f-j), and (k-o) correspond to EM of terminals R1, R2, and R3, respectively. In each group, the first panel
illustrates the electrical configuration used to selectively drive EM, while the following three panels show differential optical micrographs
acquired after 5, 10, and 15 runs. In these images, the substrate appears in white, the YBCO film in black, while oxygen-depleted regions
(with higher concentration of oxygen vacancies, VO

2+), characterized by increased optical reflectivity, are highlighted in light blue. The
orange features arise from the differential imaging procedure and represent the motion of the deoxygenation front, leaving behind a trail of
increased oxygen content (i.e., a higher concentration of oxygen ions, O2−). The last panel in each group shows the accumulated effect of all
EM runs, where overall reflectivity changes are emphasized with a blue scale.

Figure 4(b) shows the KPFM map of a second device af-
ter five successive EM cycles under positive polarity per-
formed for each terminal. In contrast to the negative-
polarity case (panel (a)), the surface potential distribu-
tion indicates vacancy accumulation at the central node.
In this case, the maximum work function difference is ap-
proximately -0.2 eV, smaller than that observed for neg-
ative polarity, which is attributed to the smaller accumu-
lated EM dose resulting from the lower number of pulsing
cycles. Additional experimental results and finite-element
simulations for the positive-polarity case are provided in
the Supplementary Material S2. Together, the two KPFM
maps provide direct and unambiguous evidence that re-
versing the current polarity reverses the direction of oxy-
gen vacancy migration, demonstrating the ability to cre-
ate either diverging or converging oxygen-vacancy fronts
through EM.

3.4. Mapping of the oxygen content

Quantitative mapping of the oxygen content can be
achieved through scanning laser microscopy. The tech-
nique detailed in Sec. 2.5 allows the reconstruction of spa-
tially resolved R(T ) curves and has, to our knowledge,
not been previously employed for characterizing electro-
migrated samples. As an example, Fig. 5(a) shows the
R(T )-curves reconstructed using this technique, averaged
over a region of 400 nm × 600 nm at the center of the
oxygen-depleted region. For the sake of comparison, the
same plot includes the R(T )-curves before and after EM
as measured via electrical transport measurements. The
foot in the R(T ) at the superconducting transition reveals
a region with lower Tc along the affected current termi-
nal, as reported previously [40]. Applying this technique
pixel-by-pixel, we can obtain a Tc map (upon significant
deviation from zero resistance), from which we derive maps
of hole doping and oxygen content, as shown in Fig. 5(b).
The left colorbar corresponds to the hole concentration
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Figure 4: Kelvin Probe Force Microscopy: (a) KPFM map
of the YBCO device after EM under negative polarity (same device
as Fig. 3), showing work function variations (∆ϕ) associated with
oxygen redistribution. (b) KPFM map of a second device after five
EM cycles under positive polarity applied to each terminal. White
arrows indicate the inferred direction of vacancy migration. The zero
references correspond to pristine regions far from the center of the
devices.

(p) per copper atom in the CuO2 planes calculated using
the empirical Presland relation [46], while the right color-
bar displays the oxygen content (7 − δ) derived from the
experimental correlation between p and oxygen stoichiom-
etry reported by Liang et al. [47]. For the evaluation of p,
the maximum critical temperature Tc,max = 89.3 K was
determined as the point of maximum slope of the pristine,
conventionally measured R(T ) curve.

Besides revealing localized effects, the oxygen map il-
lustrates how deoxygenation propagates along the electro-
migrated terminal. Compared to the differential optical
image shown as an inset in Fig. 5(a), the oxygen-depleted
region appears larger and spreads radially, while traces of
less-deoxygenated YBCO remain toward the center of the
device. The apparent enlargement can be attributed to
a larger effective laser spot size due to the heat diffusion.
This spreading of the probing spot induces voltage sig-
nals in regions that are not actively electromigrated, and
therefore, the obtained signal results from a convolution
product. A more thorough description can be found in
Ref. [29, 48]. This convolution effect also explains the fact
that the estimated hole doping varies approximately from
p ∼ 0.08 to p ∼ 0.15 when moving from the most strongly
deoxygenated areas to regions closer to pristine material,
corresponding to an oxygen content ranging from roughly
6.5 to 6.85, a value slightly below the commonly accepted
optimal doping.

3.5. Modeling the electromigration process

To connect the experimentally observed resistance
changes and optical signatures to the underlying oxygen
redistribution, we performed finite-element simulations us-
ing the framework described in Sec. 2.6. The simulated
geometry was extracted from a SEM image of the de-
vice, thereby retaining fabrication-induced features such
as slight terminal asymmetries and rounded corners in the
central constriction. A close-up of the film geometry and
mesh is shown in Fig. 6(a), while the full film-substrate
simulation domain is shown in Fig. 6(f).

Figure 5: Scanning Laser Microscopy: (a) Normalized R(T )-
curves of a three-terminal device measured before (circles) and after
(squares) EM. A reconstructed R(T )-curve, obtained via SLM during
a temperature sweep, is also shown (triangles). Inset: false-colored
optical image of the device after EM, highlighting the oxygen vacancy
front and the current polarity. (b) Hole doping (p) map derived
from the Tc map obtained via SLM, using the empirical relation of
Ref. [46] (left colorbar) and oxygen content (7 − δ) map based on
the experimental p vs. oxygen content relation reported in Ref. [47]
(right colorbar). A white rectangle on the map in panel (b) indicates
the region where the SLM R(T )-curve of panel (a) was averaged.

The simulation was initialized with a homogeneous oxy-
gen content, XO,init = 0.9 (equivalent to 7-δ ≈ 6.9), and
the same protocol as in the experiment was reproduced:
At first, the left terminal was grounded, and a current
Ipulse/2 was injected through each of the two right-hand
terminals, as sketched in Fig. 6(b). Upon increasing the
pulse current, the simulated Rmin(Ipulse) curve (Fig. 6(e)),
measured between the left and top terminals, exhibits the
same qualitative behavior as the experimental result pre-
sented in Fig. 1(d): an initially weak variation at low pulse
amplitudes, followed by a threshold-like increase of Rmin

with a rapidly increasing slope.

The corresponding oxygen maps in Fig. 6(b–d) reveal
the microscopic origin of this resistance increase: Below
the onset of EM, the oxygen landscape remains nearly un-
changed (Fig. 6(b)). Near threshold, a depleted region
forms on the left side of the narrowest part of the constric-
tion, accompanied by an oxygen-rich region on the oppo-
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Figure 6: Overview of the simulated multiterminal pulsing sequence. (a) Close-up of the finite-element geometry and mesh in the
constriction region. (b–d) Oxygen-content maps XO for the first wiring configuration, with pulse amplitudes Ipulse = 4.00, 4.50, and 5.00 mA.
The sketch in (b) indicates the current-flow direction and the terminal pair used for the resistance measurement. The black line in (d) marks
the position of the line profile shown in the inset of (e). (e) Corresponding evolution of the measured resistance Rmin as a function of Ipulse.
Colored markers indicate the pulse amplitudes shown in (b–d), and the inset shows the associated line profiles of XO. (f) Full simulation
domain and mesh, including the disk-shaped substrate region. (g–i) Oxygen-content maps for the second wiring configuration, starting from
the final state of (d), at Ipulse = 2.50, 4.50, and 5.00 mA. The sketch in (g) indicates the current-flow direction and resistance-measurement
terminals for this configuration. (j) Corresponding Rmin(Ipulse) curve and oxygen line profiles, with colored markers matching panels (g–i).
(k) Temperature map T for the configuration shown in (n). (l–n) Oxygen-content maps for the third wiring configuration, at Ipulse = 4.80,
4.90, and 5.00 mA. The sketch in (l) indicates the current-flow direction and measurement terminals. (o) Corresponding Rmin(Ipulse) curve
and oxygen line profiles, with colored markers matching panels (l–n). The color scale applies to all oxygen maps, while the temperature scale
applies only to panel (k).

site side (Fig. 6(c)). At larger pulse amplitudes, the de-
pleted region develops into a propagating front that trav-
els into the targeted terminal, producing a substantial in-
crease in Rmin (Fig. 6(d)). This evolution is also visible in
the line profiles extracted along the central axis of the left
terminal, shown in the inset of Fig. 6(e): both the ampli-
tude of the oxygen depletion and the distance of the front
from the central node increase with continued EM. This
behavior is consistent with Nanoprobe X-ray Diffraction
experiments performed on these devices. A crystal lat-
tice expansion is associated with oxygen depletion, based
on the established correlation between oxygen stoichiome-
try and the YBCO lattice parameter reported in Ref. [49].
A similar approach, employing the same methodology to
relate lattice expansion to oxygen content in comparable
devices, has been previously reported in Ref. [50]. Details
on the results obtained for multiterminal devices are pro-
vided in Supplementary Material S3.

Starting from the final oxygen configuration of Fig. 6(d),
a second current sweep was performed, this time tar-

geting the top-right terminal. The resistance was moni-
tored between the two right-hand terminals, as indicated
in Fig. 6(g). Again, the simulated Rmin(Ipulse) curve
(Fig. 6(j)) displays a threshold-like increase. Interestingly,
the previously formed oxygen-depleted front in the left ter-
minal was modified during this second sweep not targeting
this terminal. Even at the relatively low pulse amplitude
of 2.5 mA, the sharp oxygen profile created during the first
sequence is significantly smoothed, see Fig. 6(g). This be-
havior can be attributed to the large vacancy concentra-
tion gradients left behind by the first EM step, together
with Joule-heating-enhanced diffusion during subsequent
pulsing of the upmost right terminal. The line profiles in
the inset of Fig. 6(j) confirm this progressive homogeniza-
tion of the oxygen distribution. Further increasing Ipulse
only weakly affects the already electromigrated left termi-
nal, but instead drives the formation of a second oxygen-
depleted front propagating into the newly targeted termi-
nal Fig. 6(h, j).

The same behavior was reproduced when the third ter-
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minal, bottom right, was targeted. In this case, the re-
sistance was tracked between the left terminal, which was
targeted first, and the bottom-right terminal. At interme-
diate currents, Rmin initially decreases (Fig. 6(o)), consis-
tent with continued smoothing of the oxygen profile in
the previously modified left terminal. This interpreta-
tion is supported by the line profiles shown in the inset
of Fig. 6(o). A similar decrease in resistance has been
reported in Refs. [51, 52] and explained by oxygen disor-
der. At higher pulse amplitudes, a third oxygen-depleted
front forms and progressively propagates outward along
the newly targeted terminal (Fig. 6(l–n)). An animation
with the full set of simulation frames is given in Supple-
mentary Video 2. The temperature map in Fig. 6(k), eval-
uated at the end of the pulse leading to Fig. 6(n), shows
that heating is strongly localized in the targeted terminal,
whereas the two non-targeted branches, which each carry
only half of the total current, remain at substantially lower
temperatures.

These numerical results provide useful insights on the
respective roles of current flow and heating during the
EM process. Local Joule heating is essential because it
enhances oxygen mobility and promotes the relaxation
of steep concentration gradients. However, the direction
and location of the propagating oxygen-depleted fronts are
dictated by the electrical configuration. The simulations
therefore support an EM-dominated interpretation, with
heating acting primarily as an enabling factor for oxygen
diffusion rather than as the main directional driving force.
The simulated oxygen maps reproduce several key features
observed experimentally in the optical images of Fig. 3. In
both cases, the targeted terminal develops an outward-
propagating oxygen-depleted front, while previously tar-
geted terminals progressively lose contrast as their oxy-
gen profiles relax. The simulations additionally predict an
oxygen-rich region left behind the propagating depleted
front. Interestingly, the local electric field extracted from
the simulations reaches values on the order of 106 Vm−1,
slightly larger than those reported for c-axis carrier mod-
ulation induced by gate-controlled oxygen diffusion.[53]

To further isolate the relaxation mechanism, we per-
formed a second type of simulation in which the oxy-
gen configuration obtained after EM of the first terminal
was allowed to relax for 1 h without electrical stress. In
this case, EM was disabled and the system evolved only
through concentration-driven diffusion. The resulting evo-
lution is shown in Fig. 7, where the main panel shows that
the initially sharp oxygen-depleted region broadens and
partially refills over time whereas the inset shows that the
corresponding resistance decreases monotonically. The re-
laxation at 300 K is well described by a stretched expo-
nential with τ = 81 min and β = 0.7, in qualitative agree-
ment with the experimentally observed relaxation behav-
ior (Fig. 2(e)).

To summarize, the numerical implementation qualita-
tively captures the main trends observed in the different
measurements: the threshold-like increase of Rmin during

Figure 7: Numerical relaxation starting from the oxygen
configuration shown in Fig. 6(d): The main panel shows the
simulated oxygen content XO along the indicated line profile at suc-
cessive times during relaxation, plotted as a function of distance d to
the center of the device. The initially sharp oxygen-depleted region
progressively broadens and partially refills, while the corresponding
minimum resistance Rmin decreases over the same relaxation win-
dow, as shown in the inset. Colored markers in the inset indicate the
relaxation times of the highlighted profiles in the main panel.

EM, the selective formation of oxygen-depleted fronts in
the targeted terminal, the smoothing of previously gen-
erated oxygen gradients during subsequent pulsing, and
the slow relaxation of the resistance after electrical stress.
In particular, the simulations show that the initial resis-
tance decrease during subsequent terminal-targeting steps
results from the partial reoxygenation of regions depleted
during earlier EM runs. They also reveal that previously
electromigrated regions are not static, but continue to
evolve during later pulsing steps through diffusion driven
by the concentration gradients left behind. The tempera-
ture maps further show why the process remains selective,
since the largest heat-up is confined to the branch carry-
ing the full pulse current. However, an exact quantitative
agreement is not expected, given the strong sensitivity of
YBCO transport and oxygen mobility to growth condi-
tions, oxygen stoichiometry, local disorder, and possible
deviations from the literature-reported transport parame-
ters used in the simulation.

4. Conclusion

Using three-terminal YBCO devices, we demonstrated
that electromigration can be applied to selectively con-
trol oxygen vacancy distribution, allowing modifications to
be confined to a single terminal without significantly af-
fecting other regions. This study provided clear evidence
of directional effects of current-driven atomic migration,
with current polarity playing a key role. We observed
that a relaxation process driven by the vacancy concen-
tration gradient occurs after EM even in the absence of
electrical stress. The determined activation energy for re-
laxation Ea = 0.52 ± 0.01 eV is consistent with estab-
lished values for lattice oxygen diffusion in YBCO, sup-
porting a diffusion-driven recovery mechanism. Oxygen
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redistribution was detected through changes in optical re-
flectivity, localized work-function variations measured by
KPFM, and spatially resolved superconducting response
obtained by SLM, which enabled quantitative mapping of
oxygen content from approximately 6.50 in the targeted
terminal to 6.85 in pristine regions. Finite-element sim-
ulations qualitatively reproduced the main experimental
findings, providing deeper insight into the underlying dy-
namics of vacancy redistribution and relaxation.

These results establish controlled electromigration as a
post-fabrication approach for branch-selective tuning of
superconducting properties in multiterminal YBCO de-
vices. This approach could further enable electrically de-
fined oxygen-stoichiometry profiles for device trimming
and control of current pathways in correlated-oxide sys-
tems without additional lithographic processing.
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S1. Invariance of relaxation dynamics to electro-
migration history

The dependence of the relaxation dynamics on the elec-
tromigration (EM) history was investigated using a pro-
tocol with progressively increasing cutoff resistance. One
EM run was performed per terminal in the negative po-
larity, with a one-hour interval between consecutive runs.
The cutoff resistance was initially set to 5% above its initial
value, and after all three terminals reached this threshold,
it was increased in steps of 2%. Resistance increases of
up to 23% (not shown) were achieved in a single EM run
without device failure, demonstrating the large operational
window of the devices. Figures S1(a–c) show the resistance
as a function of pulse current (Ipulse) for the 5% (EM1–
EM3), 7% (EM4–EM6), and 9% (EM7–EM9) cutoff levels,
respectively. Figure S1(d) presents the normalized resis-
tance measured immediately after each EM run and during
the subsequent relaxation intervals. Stretched-exponential
fits to the relaxation curves yielded the nine characteris-
tic time constants shown in Fig. S1(e), with an average
value of τ = 19.2 min and a standard deviation of 1.9 min.
The absence of any systematic variation in τ with increas-
ing cutoff resistance or successive EM runs indicates that,
within the investigated range, the relaxation dynamics are
independent of the EM history of the sample.

S2. Positive-polarity electromigration

Figure S2 presents the evolution of the oxygen distribu-
tion during positive-polarity EM. The electrical configura-
tion employed in these experiments is illustrated schemat-
ically in Fig. S2(a), where the target terminal acts as the
current source. Differential optical microscopy images ac-
quired after 3, 4, and 5 electromigration runs are shown in
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Fig. S2(b–d). The false-colored differential images reveal
the progressive displacement of the oxygen-vacancy front
toward the central node, highlighted by the blue contrast
that expands with successive EM runs. This behavior pro-
vides direct experimental evidence that oxygen transport
is governed by the direction of the applied current and that
vacancy accumulation advances progressively into the cen-
tral region of the device.

To further support this interpretation, Fig. S2(e) de-
fines the electrical boundary conditions employed in the
finite-element simulations, while Fig. S2(f–h) presents the
corresponding oxygen-content (XO) maps obtained under
applied currents of 4.50, 4.80, and 5.00 mA, respectively.
The simulations reproduce the main experimental features,
showing the formation of an oxygen-depleted region on the
inner side of the targeted junction, accompanied by oxy-
gen accumulation on the opposite side. As the current am-
plitude increases, the depleted region evolves into a well-
defined propagating front that advances toward the central
node, in good qualitative agreement with the optical mi-
croscopy observations. A full animation of the positive
polarity simulation profiles, consisting of an electromigra-
tion run followed by a relaxation for each terminal, can be
found in Supplementary Video 3.

S3. Structural evolution profiling: X-ray diffrac-
tion

Nanoprobe X-ray diffraction measurements at the
CARNAÚBA beamline of the Sirius synchrotron facil-
ity (LNLS/CNPEM) were used to probe local structural
changes induced by electromigration. Diffraction patterns
were collected around the YBCO(005) reflection peak at
multiple positions along the device, and analyzed by ex-
tracting the intensity-weighted center of diffraction peaks
in detector space, followed by conversion to scattering vec-
tor. This procedure yields spatially resolved profiles of the
out-of-plane lattice parameter (c-axis) along the direction
from the device center toward the targeted terminal. A
similar approach has been previously employed to extract



Figure S1: Increasing cutoff criterion sweep: Rmin curves measured during a sequence of room temperature EM runs with increasing
cutoff resistance on (a) R1, (b) R2, and (c) R3. Panel (d) shows the evolution of individual resistances normalized by the pristine state
resistances, with relaxation measured between the EM runs. Panel (e) summarizes the time constants τ obtained from exponential fittings of
the resistance relaxation after each EM run. Notably, the results show good reproducibility despite differences in the EM cutoff and sample
history, yielding a mean value of τ = 19.2± 1.9 min.

spatially resolved lattice parameter variations induced by
EM in related YBCO devices [1].

Figure S3(a) shows the experimentally measured c-axis
line profiles in the pristine state and after 1–3 EM runs.
Experimental symbols correspond to raw extracted val-
ues, whereas solid curves are used to highlight the under-
lying trends. A constant offset was subtracted between
experimental scans to correct for alignment variations and
instabilities in the beamline, enforcing consistency of the
lattice parameter in the pristine region far from the device
center. The uncertainty between scans was estimated as
0.0017 Å from the standard deviation of these offsets.

Because the c-axis lattice parameter is sensitive to oxy-
gen content in the Cu–O chains of YBCO, these profiles di-
rectly reflect local oxygen redistribution. Along the device,
a clear modulation develops with a peak in c adjacent to a
valley, consistent with oxygen depletion and accumulation
regions, respectively. This feature grows with increasing
number of EM runs, indicating progressive evolution of
the underlying oxygen-vacancy distribution.

Finite-element simulations are presented in Fig. S3(b)
for selected current amplitudes of 4.0, 4.2, 4.4, and 4.6 mA.
The inset illustrates the convention used to define the dis-
tance d from the device center. Simulated profiles are ob-
tained by converting oxygen-content maps (XO) into c-axis

values using a linear interpolation between YBa2Cu3O6

(c = 11.84 Å) and YBa2Cu3O7 (c = 11.68 Å) [2]. The sim-
ulations reproduce the main experimental features, includ-
ing the characteristic peak–valley modulation associated
with oxygen depletion and accumulation. While the modu-
lation amplitudes are comparable between experiment and
simulation, the spatial extent of the feature differs, consis-
tent with the different effective electromigration conditions
in each case.
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Figure S2: Positive-polarity electromigration: (a) Schematic of the electrical configuration and sequence of differential optical microscopy
images acquired after (b) 3, (c) 4, and (d) 5 EM runs. (e) Electrical boundary conditions used in the finite-element model. Oxygen content
(XO) maps obtained under applied currents of (f) 4.50, (g) 4.80, and (h) 5.00 mA.

Figure S3: Structural evolution profiling: (a) X-ray diffraction line profiles along a terminal showing the measured c-lattice parameter
in the pristine state (black circles) and after 1 (blue squares), 2 (red triangles), and 3 (green diamonds) EM runs. (b) Corresponding profiles
extracted from oxygen-content maps obtained with the finite-element model under applied currents of 4.0 mA (black), 4.2 mA (blue), 4.4 mA
(red), and 4.6 mA (green), and converted into c-lattice parameter profiles using a linear interpolation. The inset in (b) illustrates how the
distance d is measured from the center of the device in both the experimental and numerical profiles.
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