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Field-Induced Phase Transitions in Cuprate
Superconductors for Cryogenic in-Memory Computing

Thomas Günkel, Jordi Alcalà, Alejandro Fernández, Aleix Barrera, Lluís Balcells,
Narcís Mestres, Enrique Miranda, Jordi Suñé,* and Anna Palau*

Energy-efficient cryogenic memory systems play a critical role in a wide
spectrum of applications focused on ultra-energy-efficient information and
communication technologies, such as quantum computing or
superconducting electronics. Neuromorphic systems, known for their
superior energy efficiency, have emerged as a promising approach for
in-memory computing. Specifically, strongly correlated oxides that exhibit
Mott metal-insulator transitions through field-induced oxygen movement are
of great interest for analog memory and neuromorphic computing. Yet,
optimizing their performance at low temperatures may prove challenging due
to their reliance on ionic motion. In this study, superconducting structures
composed of strongly correlated YBa2Cu3O7 − x (YBCO) combined with
ferromagnetic La0.7Sr0.3MnO3 (LSMO) are investigated to obtain non-volatile
multilevel memristive switching effects with high performance at cryogenic
temperatures. This research reveals the presence of two competing switching
mechanisms, which are attributed to the movement of oxygen vacancies and
electric carriers within these structures. It is determined that a phase
transition induced by the movement of holes is the primary factor influencing
the switching dynamics at low temperatures. Additionally, a physics-based
compact model is proposed that accurately replicates the experimental
findings and provides a tool for circuit-level design.
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1. Introduction

The constantly growing demand for data
processing and transfer leads today’s so-
ciety into the Age of Big Data.[1] Until
now, improvements in storage and com-
puting performance have relied on ad-
vances in semiconductor technology. How-
ever, the scalability and power consumption
of current devices based on complemen-
tary metal oxide semiconductors (CMOS)
are reaching their physical limits. Moore’s
law is slowing down, primarily due to the
power dissipation related to standby leak-
age currents in complex chips.[2] More-
over, current computing systems are inher-
ently limited in energy efficiency and data
bandwidth by the physical separation be-
tween memory and processing units. This
is known as von Neumann’s bottleneck.[3]

Therefore, new unconventional computing
architectures, able to boost data manage-
ment while reducing power, are required
to accelerate computational performance in
terms of time and energy.[4] Cryogenic Elec-
tronics, including cryogenic CMOS, super-
conductor electronics, and quantum infor-
mation processing, has been recognized

as one of the International Focus Teams in the IRDS roadmap.[5]

These innovative technologies present compelling alternatives to
traditional CMOS, showcasing a range of novel functionalities
and applications. They promise high performance, large system
energy efficiency, or low power dissipation at cryogenic temper-
atures. This makes them a critical area of research for achiev-
ing breakthroughs in high-performance computing and cutting-
edge technology applications. Cryogenic semiconductor electron-
ics may offer a viable approach to sustain Moore’s Law, meeting
high-performance computing demands by reducing operating
voltage with no impact on operating speed.[6] Rapid Single-Flux
Quantum (RSFQ) superconducting electronics can achieve per-
formance enhancements, with efficiency levels up to 100 times
greater than traditional semiconductor-based technologies.[7] Ad-
ditionally, integrating these technologies with lossless intercon-
nections could be highly effective. However, the lack of fast, low-
power, high-density cryogenic memory compatible with RSFQ
circuits limits the progress of practical and reliable systems.[8]

Cryogenic memories are also essential for advancing quantum
computers, potentially addressing critical societal challenges that
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classical computers cannot solve within a reasonable timeframe.
While various technologies can be used to implement the fun-
damental units of a quantum computer, superconducting qubits
are particularly noteworthy due to their fast gate times and
maturity in design.[9] To create the necessary conditions for quan-
tum computing, it is crucial to keep all qubits—regardless of
whether they are superconducting or not—at cryogenic temper-
atures. This environment is vital for minimising thermal noise
and preserving quantum coherence.[10,11] To effectively utilize
the advanced capabilities of cryogenic electronics, it is essential
that compatible memory systems, logic circuits, and intercon-
nects operate optimally at the extremely low temperatures found
in a dilution refrigerator. Alternatively, these components can
also be designed to function efficiently at higher temperatures,
such as 77K. While cryogenic versions of non-superconducting
memories provide large storage capacities, they face challenges in
terms of speed and compatibility with RSFQ and qubit supercon-
ducting circuits. Conversely, superconductingmemories that use
Josephson junctions work well with superconducting electron-
ics, but they lack scalability.[11] Thus, the advancement of high-
performance, multi-level, and scalable memory devices based
on superconducting materials—capable of seamless integration
with superconducting interconnections—plays a pivotal role in
the advancement of superconducting electronics and quantum
computing, thereby having a significant potential impact on so-
ciety. Strongly correlated oxides present an extremely rich phase
diagramwith various forms of ordered phases and collective fluc-
tuations originating from the interplay of charge, spin, orbital,
and lattice degrees of freedom.[12] Particularly interesting is the
phase diagram of strongly correlated High-Temperature super-
conducting (HTS) cuprates with multiple quantum phases with
different forms of charge, spin order, and quasiparticle states that
compete with superconductivity.[13] Transitions between differ-
ent quantum phases, with dramatically different physical proper-
ties, may be induced through external parameters such as com-
position, strain, disorder, temperature, pressure, light, magnetic
or electric fields.[14–16] The ability of Mott memristors to continu-
ously adjust electrical resistance,modulate time-dependent resis-
tance, and exhibit high nonlinearity with the electric field makes
theman effectiveway to create synapses at a device level.[17,18] Fur-
thermore, depending on the balance between the driving force
that injects or removes carriers to the system and the kinetic
barrier needed to drive the system to the initial state, both non-
volatile and volatile behaviors can be induced, enabling the im-
plementation of synaptic and neuron functionalities in a sin-
gle material.[17,19] It is important to highlight that the Metal-
Insulator Transition (MIT) can happen on ultrafast timescales.[17]

For instance, it has been reported that MIT can be induced in
vanadium dioxide on the subpicosecond scale.[20] Given that the
mechanisms of Mott MIT are expected to be “ultrafast,” many
studies have attempted to integrate Mott materials into ultra-
fast switches, Mott transistors, optical detectors, solid-state sen-
sors, and neuromorphic elements.[21,22] Neuromorphic comput-
ing, inspired by the brain and based on analog compute-in-
memory approaches, presents a promising alternative for energy-
efficient computation. This method reduces the energy-intensive
data transfer between memory and processors.[23] A key de-
vice in this context is the memristor, which was developed as a
solid-state device in ref. [24]. Memristors are distinguished by

their hysteretic, pinched current–voltage characteristics and pos-
sess at least two non-volatile resistance states. Transitions be-
tween the Low Resistance State (LRS) and the High-Resistance
State (HRS) and vice versa are referred to as the RESET and
SET processes. For neuromorphic applications, at least one of
these transitions must be gradual to enable the programming
of intermediate resistance states. Emerging memristive tech-
nologies for in-memory computing are based on memristive
memory elements with storage and computing principles rely-
ing on the physics of the active materials, such as ion migration,
phase change transitions, spin-dependent tunnel magnetoresis-
tance, or ferroelectricity.[25–27] However, current neuromorphic
systems still fall short in terms of power efficiency, computational
strength, and compactness compared to the impressive capabili-
ties of the human brain.[28] Therefore, there is a critical need for
innovative platforms to deliver superior energy efficiency, paving
the way for the next generation of computing technologies. The
primary source of power consumption in neuromorphic systems
is the extensive interconnectivity between neurons and synap-
tic networks. Superconducting cryogenic neuromorphic com-
puting shows potential in addressing the interconnect loss is-
sues faced by conventional device platforms, which could lead to
the development of ultra-compact, brain-like neuromorphic de-
vices. Additionally, a cryogenic environmentmay significantly re-
duce noise, which can positively impact the overall performance
of the neuromorphic system.[29] In this context, Field-induced
MIT in HTS cuprates offers an opportunity to leverage the
advantages of Mott memory and neuromorphic devices, along
with the exceptional properties of loss-less superconducting
materials.
Strategies for modulating carrier concentration in cuprate su-

perconductors via electrical field gating include pure electrostatic
charge doping or electrochemical oxygen doping.[15,16] Field-
induced oxygen modulation of YBa2Cu3O7 − x (YBCO) HTS can
yield multiple non-volatile states through oxygen vacancy mi-
gration induced by applying gate voltages using direct metallic
gates,[30–32] via interfacial redox reactions facilitated by interme-
diate buffer layers,[33] or through electromigration effects.[28,34,35]

However, mechanisms relying on ionic motion may be com-
plex to operate at low temperatures. An alternative approach in-
volves electrostatic gating techniques to modulate carrier con-
centration without altering the crystal structure.[36,37] Several
successful studies have demonstrated the efficacy of electro-
static doping in cuprate superconductors using liquid elec-
trolytes or ferroelectric gates.[15,37–39] Ionic liquid gating en-
ables precise carrier modulation, yet the challenge lies in
achieving non-volatile states and integrating this process into
devices. With ferroelectric gates, controlling non-volatile car-
rier density modulation is done through ferroelectric polariza-
tion, but it is difficult to achieve precise tuning for multilevel
states.
Here, we demonstrate the coexistence of two processes,

namely electrochemical oxygen doping and electrostatic carrier
modulation in a microsized functional device. The structure con-
sists of a bilayer made of a strongly correlated high-temperature
superconductor, YBCO, which serves as the active layer, and
a half-metallic ferromagnetic material, La0.7Sr0.3MnO3 (LSMO),
which acts as a passive bottom electrode. These twomechanisms
can be clearly distinguished as they exhibit opposite switching po-
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Figure 1. a) Schematic layout of the devices, illustrating several YBCO islands (left) and unpatterned devices (right). An enlarged cross-section view of
the devices based on YBCO islands (indicated with black dashed rectangle in a)) is provided in b). The top contact of the YBCO is biased, while the
bottom contact is grounded. c) False-color Scanning Electron Microscopy image of several YBCO islands, unpatterned devices and an enlarged image
of one of the YBCO island devices. The white dashed lines indicate the zoomed region.

larities. We reveal that the formation of an oxygen-depleted layer
below the top electrode may be controlled through oxygenmigra-
tion at room temperature. This non-superconducting layer initi-
ates a gradient of holes within the material, offering the potential
to fine-tune it through electrostatic effects at low temperatures,
thereby achieving stability across various resistance states within
the YBCO phase diagram. The combination of bothmechanisms
allows for optimizing the switching performance for cryogenic
analog memory and neuromorphic computing applications. In
addition, the memristor response to arbitrary input signals was
simulated using a physics-based compact model to facilitate neu-
romorphic circuit evaluation and design.

2. Results and Discussion

The structures analyzed throughout the manuscript consist of a
superconducting YBCO film, with thicknesses of 50 and 100 nm,
grown on SrTiO3 (STO) substrates, buffered with a 40 nm thick,
ferromagnetic LSMO layer, serving as a bottom electrode and
100 nm thick Silver or Gold as top electrodes. Superconduct-
ing and ferromagnetic properties of YBCO and LSMO, respec-
tively, were measured by SQUID magnetometry, shown and ex-
plained inmore detail in the Supporting Information (Figure S1).
Two different types of structures were fabricated: unpatterned
YBCO films with top electrodes of 100 × 100 μm2 and 150 ×
150 μm2, and patterned square-shaped YBCO islands of vary-
ing lateral sizes ranging from 10 × 10 to 100 × 100 μm2.
YBCO islands were coated with an insulating layer of Al2O3
of 30 nm to avoid short circuits between the top and the bot-
tom electrodes. Figure 1a shows a schematic drawing of the de-
vice layout, while Figure 1b illustrates a more detailed cross-
section view of the patterned devices. For further details re-
garding the fabrication, see Experimental Section. Figure 1c
shows scanning electron microscope (SEM) images of a larger
part of the sample and one of the devices based on a YBCO
island.

2.1. Competing Switching Mechanisms at Room Temperature

The resistive switching performance of YBCO devices is eval-
uated by applying a series of writing voltage pulses, Vwrite, fol-
lowing a specific sequence:V+

min → V+
max → V+

min,V
−
min → V−

max →
V−
min. Each writing pulse was alternated with a low-voltage read-

ing pulse of amplitude, Vread. The value of Vread is selected to be
small enough to prevent any change in the internal state variable,
ensuring no resistance variation. The pulse widths, which can be
adjusted independently, are twrite for the writing pulse and tread
for the reading pulse, respectively. Each completed cycle com-
prises 200 writing voltages. To study the reproducibility of the
resistance hysteresis, the cycle above can be repeated for a spe-
cific number of times, denoted as nc. Figure 2a illustrates this
method schematically. As the parameters used for the measure-
ments vary throughout the manuscript, they are specified in the
figure captions. The memristive characteristics of the device may
be evaluated by plotting the resistance obtained by the reading
voltage, Rread, as a function of the applied voltage, Vwrite.
Figure 2d shows the results obtained by applying this method

to an unpatterned YBCO device with silver electrodes of size
150 × 150 μm2 at room temperature. Starting from a low-
resistance state (LRS), the device can switch to a high-resistance
state (HRS-1) when negative voltages are applied (1). Resistance
changes occur when the writing voltage exceeds approximately
–5 V, and the HRS stabilizes around –8 V. During a subsequent
positive sweep from 0 to 7 V (2), the sample returns to the LRS,
defining a stable hysteresis loop, shown in grey, with a clockwise
polarity. In addition to this major loop, a second stable loop with
opposite polarity, shown in purple, can be obtained. In this case,
starting from the HRS-1, by applying a sweep toward +2 V (3),
below the threshold voltage required to switch the device back
to the LRS (Vth ≈ +2.5 V), the resistance increases by approxi-
mately 30 Ω (HRS-2). This increase can be reversibly modulated
by sweeping the voltage to –5 V (4). The coexistence of a repro-
ducible major (grey) and minor loop (purple) suggests that two
distinct switching mechanisms are present in the device. This
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Figure 2. a) Schematic representation of the pulse train used to obtain the resistance hysteresis loops. b) Schematic temperature-doping phase diagram
of YBCO with the transition through different phases due to hole, h+, and oxygen O2 − motion indicated with arrows. d) Resistance hysteresis measured
at 300 K for an unpatterned 50 nm thick device with a top silver electrode of 150 × 150 μm2. The major loop, indicated in grey with the transitions (1)
and (2) and the minor loop, illustrated in purple with the transitions (3) and (4), occur at opposite polarities as indicated by the direction of the arrows.
Data was obtained setting twrite = 1 ms, tread = 5 ms, Vread = 0.2 V, V+

min = −V−
min = 0.05 V and nc = 5 for both loops. The maximum voltages for the

minor loop were V−
max = −5 V and V+

max = 2 V and V+
max = 7 V and V−

max = −8 V for the major loop. f,g and c,e) Simplified schematics of the switching
mechanisms responsible for the transitions (1), (2) and (3), (4) for the major and minor loops depicted in (d), respectively. The proposed mechanism
for transitions (1) and (2) involves oxygen movement and the manipulation of an oxygen gradient, ∇⃗O2− , while (3) and (4) are driven by electrostatic
hole motion and the manipulation of a hole gradient, ∇⃗h+ .

phenomenon of coexisting mechanisms in a switching device
has been observed in Fe-doped SrTiO3 thin films, where the two
loops were attributed to the formation of a filament and a homo-
geneous change distributed over a large area of the electrode.[40]

Another example of such behavior was demonstrated in devices
made from ferroelectric BaTiO3 with an LSMO bottom electrode,
where the effect was explained through independent control of
ferroelectric and oxygen vacancy switching.[41] Furthermore, re-
sistive switching loops with inverse polarity may occur due to re-
sistance changes at the top and bottom interfaces.[42] However,
this effect was ruled out using a device with reference electrodes
(see Supporting Information S2). With these reference devices,
we determined that both switching loops are related to resistance
changes taking place close to the top electrode.We alsomeasured

the current–voltage (I–V) characteristics in both the LRS and the
HRS at low voltages to prevent any switching and at various tem-
peratures (see Supporting Information S3). The symmetry ob-
served in the I–V characteristics indicates that there is no modu-
lation of a Schottky barrier, suggesting a bulk-limited conduction
mechanism. Therefore, both the top and bottom electrodes may
be considered as ideal contacts able to supply or remove holes as
needed by the external circuit.
Based on the argument that the switching effect associated

with both loops occurs below the top electrode, we propose a
physical mechanism to explain our experimental findings.
Figure 2b illustrates the phase diagram of YBCO, showing var-

ious electronic phases that depend on temperature and oxygen
or hole doping, which supports our physical explanation of the
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switchingmechanisms. The crystal structure of YBCO comprises
alternating CuO-chains and CuO2-planes. The CuO-chains act
as charge reservoirs, while the CuO2-planes are responsible for
the high-temperature superconductivity. The hole doping of the
material can be adjusted by either removing electrons from
the copper-oxygen planes, i.e., directly adding holes through
an electrostatic doping process (bottom axis) or by altering the
oxygen stoichiometry of the CuO-chains, from YBa2Cu3O6 to
YBa2Cu3O7 (top axis), which creates holes in the CuO2-planes
using electrochemical doping. Eithermechanism for hole doping
results in a suppression of the antiferromagnetic order and leads
to a Mott phase transition from an antiferromagnetic-insulating
state toward a metallic or, below a critical temperature Tc, to a
superconducting state.[13,43] Therefore, the forced movement of
oxygen ions or holes under an external electric field may stabilize
different phases across the phase diagram and, thus, change the
resistive state of the devices. According to this, themajor loop fol-
lows the expected polarity for ionic oxygen diffusion. At negative
polarity, negatively charged oxygen ions, O2 −, move toward the
bottom electrode, creating an oxygen-depleted layer at the top in-
terface, which switches the device to theHRS-1 (Figure 2f). Thus,
we establish a gradient of oxygen, ∇⃗O2− , and associated holes, ∇⃗h+ ,
along the sample thickness. At positive voltages above a certain
threshold, oxygen moves back to the electrode, switching the de-
vice to the LRS (Figure 2g). Similarly, to the established gradient
of oxygen ions, a gradient of holes may be induced through a
pure electrostatic effect. In this case, since holes are positively
charged, they will move toward the bottom electrode at positive
polarity, creating an enlarged region of hole-depleted YBCO at the
top electrode and switching the system to HRS-2 (Figure 2e). At
negative polarity, holes are injected back, returning the system to
HRS-1 (Figure 2d). Based on the movement of positively charged
holes and negatively charged oxygen ions, these twomechanisms
provide a natural explanation for the opposite polarities of the
major and theminor loops. It is worth pointing out that themajor
hysteresis loop, associated with oxygen doping, is better observed
in the samples with silver electrodes, as silver may catalytically
activate surface oxygen exchange.[44] Field-induced electrochem-
ical oxygen doping has been widely studied in YBCO films,[30–33]

holding significant promise for the development of flexiblemulti-
terminal transistor-like devices with neuromorphic functionali-
ties. Additionally, it allows to locallymodulate the thickness of the
oxygen-depleted layer below the gate with the applied voltage.[31]

However, although field-induced oxygen doping works well at
high temperatures, the switching performance, reproducibility
and extension of the oxygen-depleted region are reduced at low
temperatures in agreement with low oxygen mobility.[31] Thus,
our studies are focused on the minor loop to explore the device
behavior and performance at cryogenic temperatures. In the fol-
lowing sections, we will refer to the initial low-resistance state
of the minor loop (HRS-1) as LRS and the HRS-2 obtained after
positive voltage pulses as HRS.

2.2. Switching Performance at Cryogenic Temperatures

To further understand the switching mechanism of the minor
loop, temperature and area dependences of the resistance hys-
teresis loops are studied. Figure 3a shows the evolution of the

hysteresis loops obtained at different temperatures during the
cooldown of an unpatterned device from 300 to 50 K. It is ob-
served that the resistive switching prevails far below the super-
conducting transition temperature of the YBCO thin film of Tc ≈

90 K and that the hysteresis is strongly increased by decreasing
the temperature. This trend can be better elucidated by plotting
the dependence of the HRS and the LRS as a function of the tem-
perature in Figure 3b, where a resistance change from a metallic
(LRS) to an insulating (HRS) behavior is observed. Additionally,
it is relevant to remark that low voltages are required to induce
the switching event (∼1 V) exhibiting minimal dependence on
temperature. These characteristics argue against a thermally ac-
tivated switching mechanism such as ion migration and further
point toward field-induced hole motion. Interestingly, the tem-
perature dependence of hysteresis loops varies among devices
with different initial high resistance states (HRS), as shown in
Figure S4 (Supporting Information).
This variation highlights the significance of the oxygen-

depleted layer beneath the electrode, which determines the ini-
tial HRS, and plays a crucial role in facilitating the field-induced
movement of holes and associated non-volatile MIT at low
temperatures. These results align with findings reported for
YBCO/Nb:STO,[45] where the authors attributed the non-volatile
switching mechanism to charge trapping and de-trapping near
the interface. They suggested that oxygen vacancies within the
chains of underdoped filmsmight promote switching by increas-
ing the number of charge-trapping centres. Additionally, it is
shown in ref. [46] that the switching mechanisms in Pt/Nb:STO
junctions involve charge trapping within a defected layer at the
interface. Stable self-trapping of holes in strongly correlated ox-
ides, such as manganites and cuprates, was also observed in
ref. [47], supported by the formation of polaron states. It aligns
with the observation that polarons, lattice distortions, and elec-
tron correlations play a significant role in facilitating phase tran-
sition processes in strongly correlated systems.[48] In the con-
text of polaron-mediated MIT, the introduction of excess carri-
ers results in their redistribution within the lattice, leading to
self-trapping due to the formation of a polaron state, a quan-
tum quasiparticle arising from the interaction between excess
charges and the crystal structure. Polaron correlations may play
a crucial role in stabilizing charges within the system, which
could contribute to the development of non-volatile electronic
data storage in correlated electron devices.[49] Our results, which
are supported by the previously discussed findings, can be ex-
plained by considering that the oxygen-deficient layer formed at
the top YBCO interface allows for hole trapping and de-trapping,
leading to a non-volatile electrostatic transition. This paves the
way for engineering resistive switching based on intentional
modifications of the oxygen concentration within the oxygen-
depleted layer. Such modifications would enable complete con-
trol over the device’s volatility and allow for further investiga-
tion of the role of polarons in the metal-insulator transition of
cuprate superconductors. Extensive research has demonstrated
that heterojunction topologies possess significant potential to en-
hance the performance of devices in resistive switching appli-
cations while simultaneously introducing novel functionalities.
For instance, it has been suggested that conductive pathways
can be localized in filamentary devices.[50] Additionally, precise
control over oxygen dynamics at the contact interface provides
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Figure 3. a) Resistance hysteresis loops obtained at different temperatures for a 50 nm thick unpatterned device with 100 × 100 μm2 gold electrodes.
Data were obtained setting twrite = 1 ms, tread = 1 ms, Vread = 0.2 V, V+

min = −V−
min = 0.1 V and nc = 5 for all loops. To assure saturation of the hysteresis,

the voltages V+
max and V−

max, were varied throughout the measurements. b) Temperature dependence of the resistances in the HRS and LRS obtained
with the loops shown in a). Dashed lines are guides to the eye. The color code a) is kept for the symbols. c) Area dependence on the resistance hysteresis
loops obtained for different patterned devices with gold electrodes and a thickness of YBCO of 100 nm at 77 K. During the measurement the parameters
were set to twrite = 0.3 ms, tread = 0.3 ms, Vread = −1 V, V+

min = −V−
min = 0.1 V and nc > 5 for all loops. The maximum and minimum voltage of the sweep

are adjusted to obtain saturation of the resistance, and only one cycle is shown for clarity. d) Area dependence of the LRS and HRS. The error bars are
given by the standard deviation obtained from the measurements of three different devices, while the markers show the average LRS (circles) and HRS
(diamonds).

a solid foundation for integrating signals from multiple inputs,
which aids in achieving realistic synaptic functions.[51] Specifi-
cally, the controlled migration of oxygen vacancies can not only
alter thematerial’s resistance but also improve its photoresponse,
thereby enabling the development of photomemristors with
synaptic functionalities,[50] or promote light-induced synaptic
plasticity.[52]

Figure 3c shows the hysteresis loops measured at 77 K on
YBCO islands of different sizes. As illustrated in Figure 3d, both
LRS andHRS are inversely proportional to the cell area excluding
effects of filamentary switching.[53] Large switching ratios are ob-
tained for micrometric-size devices, demonstrating the possible
deviceminiaturization and implementation in electronic circuits.
To roughly quantify the electric field required to produce the mi-
nor and major hysteresis loops, we have used E = V/t, where V is
the applied voltage and t is the thickness of the switching device.
For the major loop, assuming a voltage of V = 5 V and a film
thickness of t = 50 nm (Figure 2d) we obtain an average electric
field of E = 106 V cm−1, which is consistent with the expected
electric field for memristive devices based on ionic motion.[54]

In this case, the local environment, initial oxygen doping, crystal
orientation, and defects significantly influence the activation en-
ergy for oxygen ions in YBCO. This activation energy can range

from 0.5 to 1 eV, and may even be higher in the optimally doped
state.[35] In the minor loop, the electric field required to induce
switching is significantly lower. Using the values of V = 1 V and
t = 50 nm (Figure 3a), or V = 2 V and t = 100 nm (Figure 3c), we
can calculate an electric field of E = 2 × 105 V cm−1. This value
is independent of temperature and may be associated with the
energy needed to induce an electrostatic-driven metal-insulating
transition. The stability of the resistance states was evaluated by
conducting retention tests on one of the devices at two different
temperatures: 150 and 77 K. The results are presented in the
Supporting Information S5. Both the LRS and HRS exhibited
good retention times at both temperatures, although, at 150 K,
we observed a slight drift in the LRS toward higher resistance
values. In contrast, the LRS remained stable throughout the
entire measurement period at 77 K. Thus, we conclude that cryo-
genic temperatures are more favourable for the stable operation
of our devices.
We demonstrated the ability to create reproducible reversible

hysteresis loops with high HRS/LRS ratios at cryogenic temper-
atures, as depicted in Figure 3c. In the following, we explore
the potential for generating stable, non-volatile, multi-level ana-
log states, which are essential for the successful implementation
of neuromorphic functionalities and high-capacity, non-volatile
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Figure 4. a) Multiple resistance states stabilized at 77K by applying voltage pulse trains of different intensities, as schematically shown in the inset using
the parameters twrite = tread = 0.3 ms, td = 15s and np = 1. The voltage amplitude Vwrite was steadily increased from 2 to 3 V in 32 steps, indicated by the
color bar in b). b) Evolution of the reading resistance states with time. c) Alternating depression and potentiation cycles obtained with twrite = tread =
0.3 ms, td = 5s and np = 100. To guarantee comparable initial conditions, the potentiation voltage is kept constant at −2.6 V, ensuring the device
saturation at the LRS after each depression cycle. Potentiation cycles are illustrated in grey. The depression voltages are increased continuously from 1.1
to 2.5 V in 15 steps, represented by the color bar in d). d) Detail of the evolution of the reading voltage shown in c) as a function of the pulse number. The
data shown in a,b) wasmeasured on a YBCO-island with size 60× 60 μm2, while the data shown in c,d) was obtained from a device with size 80× 80 μm2.

memory devices.[25,55] Measurements were performed at 77K by
applying several writing pulses np, with a given duration, twrite,
variable amplitude, Vwrite = V1…Vn and polarity. In this way, dif-
ferent potentiation and depression cycles can be obtained. In be-
tween these potentiation and depression cycles, the resistance
is measured at Vread during a given decay time, td, to assure
stability of the induced resistive state. The inset in Figure 4a pro-
vides a general scheme of the pulse train.
Figure 4a, shows the evolution of the resistance obtained for

a device initially in the LRS, after applying consecutive voltage
pulses with positive twrite, np = 1 and twrite = 0.3 ms, followed by
a reading period of 15 s. Up to 32 non-volatile stable states with
exponentially increasing resistances from 104 Ω to 106 Ω are in-
duced in a single device by linearly increasing the writing voltage
from 2 to 3 V, and without the need for any special algorithm. To
emphasize the stability of the resistive states, the measured Rread
during the reading period of consecutive cycles is plotted with an
initial time of 0 s in Figure 4b. Complementing the previous ex-
periment depicted in Figure 4c, we present the response of the
device to alternating potentiation-depression pulses, demonstrat-
ing the complete reversibility of the SET and RESET transitions.
Due to the more abrupt nature of the SET transition in compar-
ison to the RESET transition (see hysteresis loops in Figure 3c),
depression pulses able to stabilize different HRS were acquired
by continuously increasing the depression voltage from 1.1 to
2.5 V. Subsequent potentiation pulses applied at a constant volt-

age amplitude following each depression pulse trend successfully
restore the initial LRS. The details of the depression transients
are shown in Figure 4d. Departing from the initial LRS, distinct
saturation resistances are observed, which are solely dependent
on the amplitude of the writing pulse. Therefore, cryogenic neu-
romorphic neural networks based on YBCO could be trained by
simply relying on the pulses of different voltage amplitudes, thus
facilitating their operation.

2.3. Modeling of the Switching Performance

After experimentally characterizing the device, we propose a
physics-based compact model to simulate resistive switching be-
havior and analog synaptic plasticity. This compact model aims
not only to clarify the key elements underlying thememristive ef-
fects but also to enable the simulation of neuromorphic circuits
based on these devices. First, we propose a simple description
of the device physics consistent with our interpretation of the
experimental results. This enables the definition of an internal
state variable for our devices and describes their memristive be-
havior. The simple model also explains why the resistance sat-
urates at different values for different voltage pulse amplitudes
(see Figure 4d). Second, we propose a balance equation between
potentiation and depression to describe the electrical behavior of
the device under arbitrarily applied voltage signals.
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Figure 5. a) Schematic representation of the sample parameters used for the modeling. b) Fittings of the major and minor loops shown in Figure 2b).
The fit of the major loop was obtained with the fitting parameters 𝜅P0 = 2 × 10−6, 𝜂p = 5, 𝜅D0

= 2 × 10−12, 𝜂d = −6, Rmax = 295, and Rmin = 155. To
fit the minor loop, the parameters were set to 𝜅P0 = 6 × 10−3, 𝜂p = −1.7, 𝜅D0

= 9, 𝜂d = 0.6, Rmax = 26, and Rmin = −1. c) Fitting of the hysteresis loop
measured for a typical patterned device (Figure 2c) using the parameters 𝜅P0 = 10−30, 𝜂p = −32, 𝜅D0

= 0.5, 𝜂d = 1.75, Rmax = 4 × 104, and Rmin = 6.5 ×
106. e,f) The fitting parameters in c) were used to reproduce the stable resistance states shown in Figure 4a,d. For clarity, only five depression cycles are
shown in f). The color bars in e,f) correspond to the experimental voltages. All the simulation data is shown with black lines.

As schematically shown in Figure 5a, we consider that the
YBCO film is divided into a high-resistance layer (HRL) with
thickness tH and a low-resistance layer (LRL) with thickness tL.
The total thickness of the layer being t = tH + tL. These layers are
modulated during the SET and RESET processes, keeping the to-
tal thickness of the layer constant. The internal state variable is
defined as g = tL/t. This variable ranges from g = 0 (full depres-
sion) to g = 1 (full potentiation). For simplicity, we assume that
the voltage drop in these layers is linear and that their respec-
tive resistances are RL = 𝜌LtL/A and RH = 𝜌HtH/A, with 𝜌L, H and
A being the resistivities and the device area, respectively. Since
the resistances are in series, the structure is that of a voltage di-
vider, andwe can calculate the field in both layers. Since both hole
trapping and oxygen transport are likely controlled by the electric
field in the LRL and they are expected to exponentially depend
on the voltage, we assume that there is a critical field, Fcrit, below
which these mechanisms are suppressed. Under these assump-
tions, simple calculations allow us to prove that there is a mini-
mum value of gmin, which is reached under the depression bias,
Vcrit. There is no limitation for g under potentiation conditions,
and it can always reach g = 1. The value of gmin depends on the
depression voltage as

gmin(V) =
1

r − 1

(
r − V

Vcrit

)
(1)

where Vcrit = Fcrit/t and r = 𝜌H/𝜌L = Rmax/Rmin, these being the
maximum and minimum resistances related to g = 0 and g = 1,
respectively. The previous equation is only valid in the voltage in-
terval Vcrit ⩽ V ⩽ rVcrit. Above this interval gmin = 0 and below it
gmin = 1. For the description of the memristor dynamics, we fol-
low a previous approach proposed for filamentary switching.[56]

Although the physics is completely different, the mathemati-
cal description is straightforwardly equivalent in terms of phe-
nomenological parameters. The evolution of the memory state
variable g is modeled as

dg
dt

= 𝜅P(V)
(
1 − g

)
− 𝜅D(V)(g − gmin) (2)

where the potentiation and depression rate constants are consid-
ered to depend exponentially on the applied voltage by

𝜅P,D(V) = 𝜅P0 ,D0
e𝜂P,DV (3)

where 𝜅P0 ,D0
are fitting constants and 𝜂P, DV are transition rates.

This exponential dependence is consistent with the transition
times to stable resistance states during the application of pulse
trains, with increasing amplitude (Figure 4a,c). Depending on
whether potentiation/depression occurs at positive/negative volt-
ages, 𝜂P, D are positive/negative. For a constant applied voltage,
the solution of the equation is analytical and, provided that we

Small 2025, 21, 2411908 © 2025 The Author(s). Small published by Wiley-VCH GmbH2411908 (8 of 11)

 16136829, 2025, 14, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202411908 by Spanish C
ochrane N

ational Provision (M
inisterio de Sanidad), W

iley O
nline L

ibrary on [02/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

consider small enough time intervals Δt, this provides us with
a recursive solution for arbitrary time-dependent voltage wave-
forms:

g(t) =
𝜅P + 𝜅Dgmin

𝜅P + 𝜅D

[
1 − exp(−(𝜅P + 𝜅D)Δt

)
] + g(t − Δt) exp(−(𝜅P + 𝜅D)Δt) (4)

It is noted here that Δtmust be small, e.g., in the scale of voltage
variations, to obtain an accurate solution. After calculating g(t),
the device resistance is calculated as

R =
RmaxRmin

Rmin

(
1 − g

)
+ Rmaxg

(5)

Using this model, it is possible to reproduce the main experi-
mental results presented in the previous sections. Themajor and
minor loops are reproduced by considering two different equa-
tions for gminor and gmajor and adding their corresponding resis-
tances, as illustrated in Figure 5b. Remarkably, the bumps of the
major loops, i.e., the signature of the coupling between hole and
oxygen-related phenomena, are nicely captured. In Figure 5c, the
optimized resistance hysteresis of patterned devices, with high
ratio RHRS/RLRS, is well fitted by the proposed model and the rel-
evant parameters are extracted. With this set of parameters, we
have successfully simulated the evolution of the resistive state un-
der a depression pulse staircase in Figure 5d and the depression
transients of the potentiation and depression cycles in Figure 5f.
The presented compact model is valid for any input signal

since the recursive equation for g(t) (Equation 4) does not impose
any condition on the input V(t). However, the integration timeΔt
used in the recursive approach must be appropriately matched
to the frequency of the input signal, meaning it should be suffi-
ciently small so that V(t) does not significantly change duringΔt.
This is a very simple approach based on the underlying physics
of the devices. It integrates two layers with distinct resistances to
replicate the behavior of the LRS and HRS layers. This compact
model allows us to fit the experimental results by extracting a spe-
cific set of parameters. While it is useful for circuit simulations,
it is not intended to serve as a predictive tool. Gaining a deeper
understanding of the physical phenomena behind the switching
mechanisms and predicting device behavior under operational
conditions requires a more comprehensive approach, which is
beyond the scope of this work.

3. Conclusion

We have demonstrated that both electrochemical oxygen diffu-
sion and electrostatic charge doping can trigger resistive switch-
ing in superconducting YBCOdevices. These two types of switch-
ing coexist at high temperatures and exhibit opposite switching
polarities. Notably, for cryogenic memory applications, we have
observed a considerable enhancement in the resistance hystere-
sis loops associated with charge motion at low temperatures,
even below the superconducting transition. Our findings high-
light the critical role paved by the oxygen-depleted layer and
the resultant hole-doping gradient formed beneath the switch-
ing electrode during sample preparation at room temperature,
which governs the switching performance at cryogenic temper-
atures. Experimental results indicate that the bottom electrode

has a minimum influence on switching performance andmainly
serves as a passive component within the overall system. How-
ever, it may offer valuable insights into additional effects com-
ing from the unique underlying order parameters of supercon-
ductivity and magnetism,[57] as well as facilitate the introduc-
tion of new functionalities. The devices exhibit completely re-
versible potentiation and depression effects at cryogenic temper-
atures, and a large number of non-volatile resistance states may
be achieved through the linear increase of voltage. We have de-
veloped a physical-based compactmodel that accurately describes
the switching performance in good agreement with experimen-
tal measurements.
YBCO-LSMOheterostructures represent a promisingmaterial

for designing energy-efficient analog memory states and neu-
romorphic functionalities using the physics of metal-insulating
transitions in superconducting cuprates. Low-power, non-volatile
superconducting memories that operate at cryogenic tempera-
tures can be seamlessly integrated into emerging energy-efficient
technologies, including quantum computing and superconduct-
ing electronics. Moreover, the incorporation of superconduct-
ing switching elements offers significant advantages, includ-
ing inherent energy efficiency and the ability to interconnect
through lossless, low-dispersion superconducting lines. The
antagonistic properties of superconducting and ferromagnetic
materials may provide additional opportunities for leveraging
the field-induced metal-insulating transition by manipulating
the coupling between distinct order parameters across inter-
faces, such as through proximity effects. To explore this further,
YBCO/LSMO bi-layers may be grown in-situ to ensure clean in-
terfaces.While this investigation extends beyond the scope of this
paper, it remains an intriguing area for future research.

4. Experimental Section
Thin Film Growth: Epitaxial films of La0.7Sr0.3MnO3, with a thickness

of 30 nm, were grown by off-axis radio frequency sputtering on (001)-
oriented SrTiO3 single-crystal substrates, in a sputtering system. The sam-
ple is oriented perpendicular to the LSMO target, while the temperature is
kept at 850 °C and the pressure is adjusted to be ≈20 mbar under a con-
stant flow of 2 sccm of Argon and 20 sccmof oxygen during the deposition.
After the deposition, the thin films were annealed at 850 °C at 500 mbar in
a pure oxygen atmosphere for 1 h. The Epitaxial 50 nm and 100 nm thick
YBCO films were grown on top of LSMO, ex-situ, by pulsed laser deposi-
tion (PLD). Substrates were heated up to 810 °C, with an oxygen partial
pressure of 0.3 mbar and a distance of 52.5 mm from the target. Abla-
tion of the target material is induced by a high fluence laser (≈2 J cm−2)
working at a frequency of 5 Hz. During cool down to room temperature,
the sample is kept in an oxygen atmosphere of 1 bar to ensure proper oxy-
genation of the deposited thin films.[32] 100 nm silver and gold electrodes
were deposited in a TSST sputtering system. Insulating Al2O3 capping lay-
ers were grown by Atomic Layer Deposition in a Atomic Layer Deposition
System Savannah from Cambridge NanoTech at a temperature of 150 °C.
The films were patterned via photolithography, lift-off and wet etching with
orthophosphoric acid H3PO4 for YBCO and Piranha solution for LSMO.
The different steps of the fabrication process are schematically shown in
Figure S4 of the Supporting Information.

Characterization: Basic thin film characterization was done by
SQUID magnetometry.

Voltage Pulses: The pulsed experiments were conducted with Keithley
2604B and 2601 SourceMeasure Units (SMUs). For clarification and as a key
part of the manuscript, the pulse trains are described in detail in the main
section. A homemade software was written in Python to control the SMUs.
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The code is available upon request. The low-temperature measurements
were conducted in a Quantum Design PPMS System.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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