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Transverse barrier formation by electrical triggering
of a metal-to-insulator transition
Pavel Salev 1✉, Lorenzo Fratino 2, Dayne Sasaki 3, Rani Berkoun2, Javier del Valle1,4, Yoav Kalcheim1,5,

Yayoi Takamura 3, Marcelo Rozenberg 2 & Ivan K. Schuller1

Application of an electric stimulus to a material with a metal-insulator transition can trigger a

large resistance change. Resistive switching from an insulating into a metallic phase, which

typically occurs by the formation of a conducting filament parallel to the current flow, is a

highly active research topic. Using the magneto-optical Kerr imaging, we found that the

opposite type of resistive switching, from a metal into an insulator, occurs in a reciprocal

characteristic spatial pattern: the formation of an insulating barrier perpendicular to the

driving current. This barrier formation leads to an unusual N-type negative differential

resistance in the current-voltage characteristics. We further demonstrate that electrically

inducing a transverse barrier enables a unique approach to voltage-controlled magnetism. By

triggering the metal-to-insulator resistive switching in a magnetic material, local on/off

control of ferromagnetism is achieved using a global voltage bias applied to the whole device.
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Materials with unique functional properties can replace
large sections of complex circuits greatly improving the
scalability and energy efficiency of electronic devices1–4.

For instance, using materials in which voltage application induces
resistive switching makes it possible to mimic both synaptic
plasticity5–9 and diverse neuron spiking behaviors10–13 in circuits
consisting of just a few components. In contrast, tens of con-
ventional CMOS transistors are required to achieve similar
functionalities14,15. Deep understanding of physical properties
and their response to external stimuli becomes critical for
designing applications using such advanced electronic materials.
Many previous studies explored various aspects of nonvolatile
switching based on ionic electromigration, which is promising for
memory applications16.

Recently, there has been a great interest in a different type of
resistive switching: volatile switching due to electrical triggering
of a metal–insulator transition (MIT), i.e. an intrinsic phase
transition that alters the charge transport properties of a material
(e.g., Mott or Peierls transition). Such volatile switching is
induced by applying and holding an electrical stimulus to an MIT
material and the switching automatically resets back into the
initial state upon turning off the stimulus (hence the term vola-
tile). MIT-based switching is often accompanied by a large change
of electrical resistivity and optical properties making it attractive
for applications in rf electronics17,18, optoelectronics19–21, and
biologically inspired artificial neurons10–13. Most commonly, the
MIT switching occurs from the initial insulating into a metallic
phase (I→M), for example, in VO2, V2O3 and V3O5

22–26,
NbO2

27,28, and (Pr,Ca)MnO3
29,30. The general picture of the

I→M switching is well established. The application of an electric
stimulus causes a local phase transition due to Joule heating and/
or field-induced carrier doping25,28,31–35. This local transition
often follows a characteristic spatial pattern: the formation of a
percolating metallic phase filament serving as a conduit for

electric current flow inside the insulating phase matrix22–24,36.
The filament formation causes strong nonlinearities in the
current–voltage (I–V) characteristics such as an S-type negative
differential resistance (NDR) when a part of I–V curve has
negative dV/dI slope making the overall shape to resemble the
letter S. The opposite type of volatile switching, in which an
electrical stimulus drives the material from the initial metallic
into an insulating (M→ I) phase, is a rare phenomenon and an
understanding of its microscopic process is lacking. Several works
reported that passing a sufficient current can trigger the MIT in
select colossal magnetoresistance manganites37–41. It remains
unknown, however, whether the M→ I switching follows any
characteristic spatial pattern.

In this work, we show that M→ I switching occurs by the
formation of an insulating barrier perpendicular to the current
flow, in contrast to the metallic filamentary percolation along the
current. We observed the barrier formation experimentally and
correlated its appearance with the development of an unusual
N-type NDR nonlinearity in the I–V characteristics of a device.
Using theoretical analysis, we present evidence that this trans-
verse barrier formation is a universal property of M→ I switch-
ing, making our findings broadly relevant to a whole class of such
resistive switching systems. Finally, we discuss the implications of
our finding to nonvolatile ionic-migration-based low- to high-
resistance switching.

Results
We study volatile resistive switching based on electrical triggering
of an MIT in La0.7Sr0.3MnO3 (LSMO) thin film devices (fabri-
cation details are available in “Methods” section and in Supple-
mentary Information 1). Under equilibrium conditions (i.e.
without application of high voltage/current), the devices have two
coupled phase transitions at Tc ≈ 340 K: from a low-temperature
ferromagnetic metal to a high-temperature paramagnetic insu-
lator (Fig. 1a). The coupling between the two transitions, mag-
netic and MIT, is mediated by the double exchange
mechanism42,43. The fact that the transitions occur simulta-
neously is the key property that allowed us to map the spatial
distribution of resistive switching as discussed later in the paper.

Resistive switching in LSMO manifests as strong nonlinearities
in the I–V characteristics. Current-controlled I–V curves (Fig. 1b)
show an abrupt and hysteretic switching from a low- to a high-
resistance state above a temperature-dependent current threshold.
The switching is volatile, i.e. the device automatically resets into
the initial low-resistance state when the current is ramped down.
Distinct switching, i.e. an abrupt jump in an I–V curve, can be
observed at all temperatures below 310 K. As the temperature
approaches the phase transition, in 310–340 K range, the I–V
curves are nonlinear but do not display an abrupt discontinuity.
Above the transition (T > Tc ≈ 340 K), the switching completely
disappears and the I–V curves become linear indicating the close
relation between the switching and the MIT: the metal-to-
insulator switching cannot be induced when the LSMO device is
already in the insulating state. In contrast to the abrupt switching
under current biasing, the voltage-controlled I–V curves (Fig. 1c)
are smooth and display an unusual N-type NDR (the I–V shape
resemble the letter N). The NDR region develops when the device
actively undergoes resistive switching: as the applied voltage is
ramped up, the current decreases, indicating that the resistance
progressively increases. The detailed discussion about the origin
of volatile resistive switching in LSMO is available in Supple-
mentary Information 2. We compared the resistance values in
I–V curves to resistance–temperature (R–T) dependence, tested
the influence of the switching on the R–T dependence, analyzed
the switching power vs. temperature and the switching voltage vs.
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Fig. 1 Volatile metal-to-insulator resistive switching. a Metal–insulator
(red line) and magnetic (gray line) transitions in a 50 × 100 µm2

La0.7Sr0.3MnO3 (LSMO) device probed by electrical transport and MOKE
measurements. b Current-controlled I–V curves showing an abrupt and
hysteretic volatile metal-to-insulator resistive switching. The measurements
are in the 240–340K temperature range with a step of 20K (color-coded
from blue to dark red). c Voltage-controlled I–V curves showing a gradual
resistive switching and an N-type NDR region. The measurements are in
60–340 K temperature range with a step of 40 K (color-coded from blue to
dark red).
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temperature dependencies, tested for bipolar switching, per-
formed cycling and voltage stress tests, and probed the influence
of oxygen partial pressure on the switching behavior. All our
results point to the single conclusion that the observed volatile
switching in LSMO originates from the MIT triggering mediated
by Joule heating, which is a common switching mechanism in
MIT-based devices28,44,45. We found no evidence that ionic
migration, which under special conditions could produce volatile
threshold switching46, play any significant role in our experi-
ments. Overall, the volatile MIT-based resistive switching in
LSMO provides two distinct operation modes (the abrupt
switching using current biasing vs. the gradual switching using
voltage biasing) and does not lead to irreversible chemical or
structural changes of the material, which could cause highly
inhomogeneous electrical property distribution. In addition,
LSMO, unlike many other members of the manganite family,
does not have intrinsic metal/insulator phase separation below
Tc47, which could create preferential current flow channels. Thus,
LSMO is an ideal material choice to explore the fundamental
properties of the M→ I switching process.

To understand the underlying microscopic mechanism of the
MIT resistive switching, we performed in operando imaging of
the LSMO devices exploiting the fact that the MIT occurs
simultaneously with the magnetic transition. Using scanning
magneto-optical Kerr effect (MOKE) microscopy (Fig. 2a), we
mapped the spatial distribution of ferromagnetic regions while
applying a voltage bias. The measurement procedure involved
recording MOKE hysteresis loops at every spot over the device
area using a 5-μm-size laser beam. We represent the data by
plotting xy-maps of the MOKE loops magnitudes (i.e. the
maximum Kerr rotation angle). We note that our MOKE maps
are different from conventional MOKE images in which the
contrast originates from domains of different magnetization
orientation. In our case, the bright areas correspond to ferro-
magnetic regions, while the dark areas indicate the absence of
ferromagnetism.

We found that M→ I resistive switching occurs by the for-
mation of an insulating barrier that spans across the entire device
width in the direction perpendicular to the electric current flow.
Figure 2b shows the MOKE maps at different voltages and the
corresponding I–V curve. The device remains uniformly ferro-
magnetic (metallic) below 15 V, but applying a higher voltage
causes the LSMO to transform into a qualitatively different state.
At 16 V, the I–V curve displays a small jump and simultaneously
a ~5-μm-wide nonmagnetic domain appears near the device
center. The domain spans laterally across the full device width
and its size increases with applied voltage until it encompasses the
entire device at 48 V (inset in the I–V plot in Fig. 2b). Because of
the direct correspondence between the magnetic and electric
properties in LSMO, our measurements imply that the resistive
switching from a metal into an insulator does not occur uni-
formly throughout the device. Instead, an unusual out-of-
equilibrium phase separation is favored: a transverse insulating
barrier divides the conducting matrix and blocks the electric
current flow. This is reciprocal to the resistive switching from an
insulator into a metal (for example, in vanadium oxides22–24,48),
which occurs by the formation of longitudinal percolating
metallic filaments. The appearance of a voltage-induced insulat-
ing barrier proves that the LSMO device undergoes an abrupt
resistive switching on a microscopic level, from the metallic into
the insulating phase, even though the global I–V curve of the
entire device displays smooth, gradual, low- to high-resistance
evolution. The barrier formation is highly reproducible: multiple
devices of different geometries patterned on the same LSMO film
and on another film of different thickness showed the same
behavior (Supplementary Information 3). On the other hand, we
did not find any indications of a barrier appearing during the
equilibrium thermal transition (without applied voltage), which
proves that the barrier is not simply due to inhomogeneities in
the LSMO film (Supplementary Information 4). Therefore, the
formation of an insulating barrier is not an accidental device
property but a special feature of voltage-driven MIT.
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Fig. 2 Spatial mapping of the metal-to-insulator resistive switching. a Schematic of the MOKE measurement setup. The MOKE hysteresis loops were
acquired at every xy-spot in the device area. The magnetic field was applied in-plane along the device length. Voltage biasing was maintained without
interruptions over the entire measurement time. b Simultaneously recorded I–V curve (center) and MOKE xy-maps (sides). The bright areas in the maps
correspond to the ferromagnetic LSMO. The total field of view is 90 × 140 µm2. In the maps, the electric current flows horizontally. As the I–V progresses
through the NDR, a transverse insulating paramagnetic barrier appears in the device center and keeps expanding with increasing the applied voltage. The
inset in the I–V plot shows the barrier size, d, as a function of applied voltage, V. c MOKE map and local hysteresis loops corresponding to three device
regions (labeled using Roman numerals) recorded at 24 V. While the device sides (regions I and III) show ferromagnetic response, the MOKE signal is zero
in the center (region II). All measurements were done at 100 K.
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Resistive switching in LSMO enables a unique approach to
voltage-controlled magnetism. Voltage-driven metal/insulator/
metal phase separation results in an unusual ferromagnetic/
paramagnetic/ferromagnetic domain configuration. Figure 2c
shows a MOKE map and three local hysteresis loops recorded in
the LSMO device under the application of 24 V. While both left
and right sides of the device (labeled I and III) have normal
ferromagnetic hysteresis loops, the center part (labeled II) does
not show any magnetic response: the recorded MOKE loop is just
a flat line. The device can serve as an on/off magnetic switch
where a local switching is achieved using a global voltage sti-
mulus. For the purpose of imaging, the devices have relatively
large dimensions (50 × 100 μm2) and the minimum observed
paramagnetic insulating barrier size was ~5 μm (which also could
be convoluted by the 5 μm laser beam size). Our analytical cal-
culations suggest that the minimum stable barrier size could be
reduced substantially by reducing the device dimensions and by
selecting a material with a high insulator-to-metal resistivity ratio
(Supplementary Information 5), potentially allowing local control
of magnetic state at nanoscale. As discussed later in the paper, we
expect the development of a large thermal gradient associated
with the barrier formation. Thus, resistive switching in LSMO
could become a useful platform for spin caloritronics49. Because
of the fundamental nature of the M→ I switching, the tem-
perature gradient emerges naturally in simple, planar-geometry
LSMO devices under a voltage bias, which eliminates the need for
external heaters. This simplifies the control over the temperature
profile and at the same time provides an easy access for a variety
of surface-sensitive techniques such as magnetic force micro-
scopy, magnetic photoelectron emission microscopy, and
nitrogen-vacancy centers in diamond.

The insulating barrier formation and the appearance of N-type
NDR during the voltage-controlled switching are strongly linked
to each other. Neither barrier nor NDR can be observed when the
LSMO device is switched using a current bias (Fig. 3). Under
current-controlled conditions, the I–V curve displays an abrupt
jump and, at the same time, the magnetic signal in the MOKE

maps completely vanishes throughout the entire device. The
different behaviors in current- and voltage-controlled switching
(full device transition vs. barrier formation) can be understood by
considering the impact of the barrier formation on the current
and voltage distributions within the device. The formation of a
transverse barrier would not disrupt a homogeneous current flow
because the barrier spans across the full device width. Therefore,
the entire device is able to switch at a threshold current under
current-controlled conditions. The situation differs radically
under voltage biasing. The formation of an insulating barrier
concentrates the applied voltage, which leads to a highly inho-
mogeneous voltage distribution inside the device, and at the same
time impedes current flow, which causes the N-type NDR. The
development of this voltage inhomogeneity explains why the
current- and voltage-controlled I–V curves differ (abrupt
switching vs. N-type NDR) when the device actively undergoes
the resistive switching, but the two curves perfectly coincide when
the device is either in a uniform metallic or insulating states (I–V
plot in Fig. 3).

We achieved an excellent agreement between the experimental
results and resistive network simulations (Fig. 4a, b) by con-
sidering a realistic resistance vs. temperature dependence and
thermal effects due to Joule heating. The details of the simulations
are available in Supplementary Information 6. Figure 4c shows
local temperatures vs. voltage plots at different positions within
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Fig. 3 Current- vs. voltage-controlled metal-to-insulator switching. The
plot in the center shows two overlaid I–V curves recorded under
current- (red) and voltage-controlled (blue) conditions. The I–V curves
perfectly coincide outside the NDR region. Corresponding MOKE maps
(surrounding the I–V plot) show the switching by the formation and
subsequent expansion of a transverse insulating barrier in the voltage-
controlled regime (top maps) and the switching throughout the entire
device at once in the current-controlled regime (bottom maps). In the
maps, the current flows horizontally. The field of view is 90 × 140 µm2.
The measurements were done at 250 K.

Fig. 4 Computational analysis of metal-to-insulator resistive switching. a,
b Calculated voltage-controlled I–V curve (a) and resistance xy-maps (b)
showing a remarkable agreement with the experimental data. Diamond
symbols in a highlight the I–V points for which the resistance maps are
shown in b. c Temperature normalized by the transition temperature, T/Tc,
vs. applied voltage at several positions along the device length color-coded
from red at the center to blue near the electrode. The yellow-shaded region
corresponds to the state before the barrier formation. When the barrier
appears, the temperature at the device center abruptly increases above Tc,
while the rest of the device cools down. As the barrier expands with
increasing voltage and reaches each point, the temperature at that point
increases rapidly above Tc. d A zoom-in of the temperature vs. voltage plot
at the barrier formation. At this magnification, it is clearly visible that just
before the barrier appears, the temperature at the center is higher
compared to the edges. This thermal inhomogeneity triggers locally the
power-temperature positive feedback loop culminating in the insulating
barrier formation.
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the device. We found that the applied voltage initially heats up the
entire device. This heating, however, is not homogeneous. Just
prior to the formation of the insulating barrier, the temperature at
the device center is several Kelvins higher compared to the edges
(Fig. 4d). This is due to the thermal coupling of the edges to the
device electrodes that are at the substrate temperature. Even a
small temperature deviation at the center is enough to initiate
locally a resistance-power positive feedback loop because of the
proximity to the MIT. Higher local temperature increases the
resistance, which leads to an increase of the local voltage drop and
power dissipation, further increasing the local temperature. As a
result, the temperature at the device center abruptly increases well
above the Tc and an insulating barrier forms. The barrier con-
centrates most of the dissipated power, which keeps its tem-
perature high, while the rest of the device cools down almost to
the substrate temperature. A distinct and a rather sharp boundary
between the two phases can be always observed: the temperature
of the metallic regions remains close to the substrate temperature
up until those regions are taken over by the expanding barrier as
the applied voltage increases. Our calculations predict that the
insulating barrier forms exactly at the device center because the
extra thermal coupling between the device edges and the elec-
trodes producing a subtle temperature gradient (Fig. 4d) is the
only symmetry breaking factor in the model. Experimentally, we
observed an asymmetry in the barrier formation position (Figs. 2b
and 3, Supplementary Fig. 3 in Supplementary Information 3).
Because the barrier formation position does not change upon
repeating the switching measurements multiple times, the
experimental asymmetry is not stochastic but most likely is due to
defects. A region with a locally increased resistivity, due to a
subtle temperature gradient or due to defects, would become the
hotspot for the barrier formation, but the barrier formation in
itself is the direct consequence of the M→ I switching. In our
model, the only special ingredient enabling the barrier formation
is a thermal transition from a low- to a high-resistance state.
Because in the simulations we did not have to make any explicit
assumption about the phase separation, magnetic properties, or
defect density profiles, we conclude that our analysis provides a
universal description of the voltage-triggered metal-to-insulator
phase transition mediated by Joule heating. Many other materials
in the manganite family and some magnetic semiconductors
could have similar resistive switching behavior.

Discussion
From a practical point of view, volatile switching in LSMO has a
rare combination of functional properties. Our devices show the
switching ratio of ΔR/R ~ 300% at room temperature. While
higher ratios can be achieved in volatile threshold switches, for
example in CBRAM-based devices50, the switching in LSMO
occurs from a low- to a high-resistance state. The low-to-high-
resistance switching is a unique feature among the volatile
switching devices and it could facilitate the implementation of
special functionalities in practical applications. The switching in
our devices shows no noticeable cycle-to-cycle variability
(Figs. S2.5 and S2.7), which is a common problem in resistive
switching devices51, and has an excellent endurance as no sign of
device degradation was observed over an 8-hour-long dc voltage
stress test (Supplementary Fig. 2.6) and over 5×106 fast switching
cycles (Supplementary Fig. 2.7). Moreover, resistive switching in
LSMO drives the switching of ferromagnetism, which constitutes
a special functionality that could be relevant to bridging the gap
between conventional charge-based electronics and spintronics.
Because of the large device sizes fabricated for MOKE imaging
(50 × 100 μm2), the switching in our devices requires large
driving voltages/currents resulting in a relatively slow switching

speed and large dissipated power, especially at cryogenic tem-
peratures. Reducing the device size down to nanoscale dimen-
sions has been shown to enable sub-nanosecond switching times
and dramatically reduce the switching energy down to a few
picojoules in MIT-based volatile resistive switching mediated by
Joule heating32,35. Because MIT-based switching relies on the
intrinsic material properties, i.e. triggering of a phase transition,
such switching is possible in devices of various geometries
including a vertical crossbar52, a geometry most suitable for
dense circuit integration. Nanoscale patterning53 and fabrication
of vertical magnetoresistance devices54 has been demonstrated
using LSMO. Thus, successful implementation of nanoscale
vertical resistive switching LSMO devices should be possible
as well.

Volatile and nonvolatile resistive switching types bare certain
similarities. The formation of percolating conducting filaments
occurs both in I→M volatile switching and in nonvolatile high-
to-low-resistance switching. The latter can be due to oxygen
electromigration in binary55–63 and complex oxides64,65 or due to
metal cation diffusion in conducting bridge memories based on
oxide66–74 and non-oxide materials75,76. Our resistor network
simulations show that the insulating barrier that forms during the
M→ I volatile switching concentrates not only the dissipated
power but also the applied voltage. It is possible that the trans-
verse barrier formation can occur in systems which feature a
nonvolatile low-to-high-resistance switching caused by ion elec-
tromigration, such as rare-earth nickelates77,78, manganites77–82,
and cuprates77,79,83. In fact, spatial patterns previously reported
for the nonvolatile switching in YBa2Cu3O7

83, LSMO84 and in
NdNiO3

85 can be rationalized by considering the tendency of
low- to high-resistance switching to occur by the formation of a
transverse insulating barrier.

The results presented in this paper complete the picture of the
volatile resistive switching in MIT materials. Two switching types
are possible: insulator-to-metal (I→M), e.g. in VO2 or NbO2, and
metal-to-insulator (M→I), e.g. in LSMO as shown in this work.
These two switching types have contrasting behaviors. Under
voltage biasing, I→M is abrupt and hysteretic while M→I is
gradual and has an N-type NDR. Under current biasing, I→M
occurs gradually with an S-type NDR and M→I is abrupt and
hysteretic. In both cases, the gradual switching is accompanied by
a spatially inhomogeneous transition occurring in a characteristic
pattern. In I→M, this characteristic pattern is a conducting fila-
ment parallel to the current flow, while in M→I an insulating
barrier perpendicular to the current flow forms during the
switching. Combining the two types of resistive switching pro-
vides a broad range of nonlinear electrical properties, which
greatly enriches the design space for complex-behavior electronic
devices. The coupling between the MIT and ferromagnetic tran-
sition, which is a special property of LSMO mediated by double
exchange mechanism, allows local on/off switching of magnetism
by the resistive switching driven transverse barrier formation. The
thermal behavior associated with the barrier formation has direct
relevance to devices based on spin caloritronics effects.

Methods
Sample preparation. La0.7Sr0.3MnO3 films of 20 nm and 50 nm thickness were
grown epitaxially on a (001)-oriented SrTiO3 substrates using pulsed laser
deposition with the laser fluence of 0.7 J/cm2 and frequency of 1 Hz. During the
growth, the substrate temperature was held at 700 °C with the oxygen pressure of
0.3 Torr. After deposition, the films were slowly cooled to room temperature in
300 Torr O2 to ensure proper oxygen stoichiometry. The electrodes of (100 nm
Au)/(20 nm Pd) for electrical measurements were made using standard photo-
lithography process and e-beam evaporation. The bottom Pd layer was used to
achieve a low contact resistance with the LSMO film. After the electrode fabrica-
tion, 50×100 μm2 devices were defined using reactive ion etching in an Ar/Cl2
atmosphere.
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Electrical measurements. Resistive switching measurements were performed in a
Quantum Design PPMS DynaCool cryostat using a Keithley 2450 source meter in
either voltage- or current-controlled mode.

MOKE measurements. Magneto-optical imaging of resistive switching was per-
formed in a Montana Instruments NanoMOKE 3 system. The light source was a
660 nm laser focused to a 5-μm-size spot. The magnetic field was cycled in the
±150 Oe range at the 4.7 Hz repetition rate. Voltage/current was applied to the
LSMO devices using a Keithley 2450 source meter. The measurement procedure
was the following. First, a voltage/current was set. Then the laser was focused at a
starting xy-coordinate and a MOKE hysteresis loop averaged over 20 cycles was
recorded. The loop recording was continued at every xy-coordinate until the entire
imaging area was covered (typically 90×140 μm2). After this, a new voltage/current
was set and the loop recording procedure was repeated. We note that the voltage/
current was maintained without interruptions during the entire imaging procedure.

Data availability
The experimental data generated in this study have been deposited in Zenodo database
under accession code https://doi.org/10.5281/zenodo.5165080.

Code availability
The simulation code has been deposited in Zenodo database under accession code
https://doi.org/10.5281/zenodo.5165080.

Received: 16 October 2020; Accepted: 19 August 2021;

References
1. Zhou, Y. & Ramanathan, S. Mott memory and neuromorphic devices. Proc.

IEEE 103, 1289–1310 (2015).
2. Janod, E. et al. Resistive switching in Mott insulators and correlated systems.

Adv. Funct. Mater. 25, 6287–6305 (2015).
3. del Valle, J., Ramírez, J. G., Rozenberg, M. J. & Schuller, I. K. Challenges in

materials and devices for resistive-switching-based neuromorphic computing.
J. Appl. Phys. 124, 211101 (2018).

4. Zhang, H.-T. et al. Organismic materials for beyond von Neumann machines.
Appl. Phys. Rev. 7, 011309 (2020).

5. Prezioso, M. et al. Training and operation of an integrated neuromorphic
network based on metal-oxide memristors. Nature 521, 61 (2015).

6. Yao, P. et al. Face classification using electronic synapses. Nat. Commun. 8,
15199 (2017).

7. Bayat, F. M. et al. Implementation of multilayer perceptron network with
highly uniform passive memristive crossbar circuits. Nat. Commun. 9, 2331
(2018).

8. Li, C. et al. Efficient and self-adaptive in-situ learning in multilayer memristor
neural networks. Nat. Commun. 9, 2385 (2018).

9. Yao, P. et al. Fully hardware-implemented memristor convolutional neural
network. Nature 577, 641 (2020).

10. Pickett, M. D., Medeiros-Ribeiro, G. & Williams, R. S. A scalable neuristor
built with Mott memristors. Nat. Mater. 12, 114–117 (2013).

11. Ignatov, M., Ziegler, M., Hansen, M., Petraru, A. & Kohlstedt, H. A
memristive spiking neuron with firing rate coding. Front. Neurosci. 9, 376
(2015).

12. Yi, W. et al. Biological plausibility and stochasticity in scalable VO2 active
memristor neurons. Nat. Commun. 9, 4661 (2018).

13. del Valle, J., Salev, P., Kalcheim, Y. & Schuller, I. K. A caloritronics-based Mott
neuristor. Sci. Rep. 10, 4292 (2020).

14. Indiveri, G. et al. Neuromorphic silicon neuron circuits. Front. Neurosci. 5,
1–23 (2011).

15. Abu-Hassan, K. et al. Optimal solid state neurons. Nat. Commun. 10, 5309
(2019).

16. Wang, Z. et al. Resistive switching materials for information processing. Nat.
Rev. Mater. 5, 173 (2020).

17. Ha, S. D., Zhou, Y., Fisher, C. J., Ramanathan, S. & Treadway, J. P. Electrical
switching dynamics and broadband microwave characteristics of VO2 radio
frequency devices. J. Appl. Phys. 113, 184501 (2013).

18. Huitema, L., Crunteanu, A., Wong, H. & Arnaud, E. Highly integrated VO2-
based tunable antenna for millimeter-wave applications. Appl. Phys. Lett. 110,
203501 (2017).

19. Coy, H., Cabrera, R., Sepúlveda, N. & Fernández, F. E. Optoelectronic and all-
optical multiple memory states in vanadium dioxide. J. Appl. Phys. 108,
113115 (2010).

20. Fan, L. et al. Infrared response and optoelectronic memory device fabrication
based on epitaxial VO2 film. ACS Appl. Mater. Interfaces 8, 32971 (2016).

21. Butakov, N. A. et al. Broadband electrically tunable dielectric resonators using
metal–insulator transitions. ACS Photonics 5, 4056–4060 (2018).

22. Guénon, S. et al. Electrical Breakdown in a V2O3 device at the insulator to
metal transition. Europhys. Lett. 101, 57003 (2012).

23. Kumar, S. et al. Local temperature redistribution and structural transition
during joule-heating-driven conductance switching in VO2. Adv. Mater. 25,
6128–6132 (2013).

24. Madan, H., Jerry, M., Pogrebnyakov, A., Mayer, T. & Datta, S. Quantitative
mapping of phase coexistence in Mott-Peierls insulator during electronic and
thermally driven phase transition. ACS Nano 9, 2009–2017 (2015).

25. Valmianski, I. et al. Origin of the current-driven breakdown in vanadium
oxides: thermal versus electronic. Phys. Rev. B 98, 195144 (2018).

26. Adda, C. et al. Direct observation of electrically triggered insulator-metal
transition in V3O5 far below the phase transition temperature. Preprint at
https://arxiv.org/abs/2012.13009 (2020).

27. Pickett, M. D. & Stanley Williams, R. Sub-100 fJ and sub-nanosecond
thermally driven threshold switching in niobium oxide crosspoint
nanodevices. Nanotechnology 23, 215202 (2012).

28. Kumar, S. et al. Physical origins of current and temperature controlled
negative differential resistances in NbO2. Nat. Commun. 8, 658 (2017).

29. Asamitsu, A., Tomioka, Y., Kuwahara, H. & Tokura, Y. Current switching of
resistive states in magnetoresistive manganites. Nature 388, 50–52 (1997).

30. Mercone, S., Wahl, A., Simon, C. & Martin, C. Nonlinear electrical response in
a non-charge-ordered manganite: Pr0.8Ca0.2MnO3. Phys. Rev. B 65, 214428
(2002).

31. Stoliar, P. et al. Nonthermal and purely electronic resistive switching in a Mott
memory. Phys. Rev. B 90, 045146 (2014).

32. Brockman, J. S. et al. Subnanosecond incubation times for electric-field-
induced metallization of a correlated electron oxide. Nat. Nanotechnol. 9, 453
(2014).

33. Funck, C. et al. Multidimensional simulation of threshold switching in NbO2

based on an electric field triggered thermal runaway model. Adv. Electron.
Mater. 2, 1600169 (2016).

34. Diener, P. et al. How a dc electric field drives Mott insulators out of
equilibrium. Phys. Rev. Lett. 121, 016601 (2018).

35. Kalcheim, Y. et al. Non-thermal resistive switching in Mott insulator
nanowires. Nat. Commun. 11, 2985 (2020).

36. Lange, M. et al. Optical imaging of strain-mediated phase coexistence during
electrothermal switching in a Mottinsulator Preprint at https://arxiv.org/abs/
2009.12536 (2021).

37. Tokunaga, M., Tokunaga, Y. & Tamegai, T. Imaging of percolative conduction
paths and their breakdown in phase-separated (La1-yPry)0.7Ca0.3MnO3 with
y= 0.7. Phys. Rev. Lett. 93, 037203 (2004).

38. Wu, T. & Mitchell, J. F. Negative differential resistance in mesoscopic
manganite structures. Appl. Phys. Lett. 86, 252505 (2005).

39. Tokunaga, M., Song, H., Tokunaga, Y. & Tamegai, T. Current oscillation and
low-field colossal magnetoresistance effect in phase-separated manganites.
Phys. Rev. Lett. 94, 157203 (2005).

40. Carneiro, A. S., Jardim, R. F. & Fonseca, F. C. Current localization and Joule
self-heating effects in Cr-doped Nd0.5Ca0.5MnO3. Phys. Rev. B 73, 012410
(2006).

41. Balevičius, S. et al. Fast reversible thermoelectrical switching in manganite thin
films. Appl. Phys. Lett. 90, 212503 (2007).

42. Zener, C. Interaction between the d-Shells in the transition metals. II.
Ferromagnetic compounds of manganese with perovskite structure. Phys. Rev.
82, 403 (1951).

43. Anderson, P. W. & Hasegawa, H. Considerations on double exchange. Phys.
Rev. 100, 675 (1955).

44. Zimmers, A. et al. Role of thermal heating on the voltage induced insulator-
metal transition in VO2. Phys. Rev. Lett. 110, 056601 (2013).

45. Kumar, S. et al. Local temperature redistribution and structural transition
during joule‐heating‐driven conductance switching in VO2. Adv. Mater. 25,
6128 (2013).

46. Wang, Z. et al. Threshold switching of Ag or Cu in dielectrics: materials,
mechanism, and applications. Adv. Funct. Mater. 28, 1704862 (2018).

47. Tokura, Y. Critical features of colossal magnetoresistive manganites. Rep.
Prog. Phys. 69, 797 (2006).

48. Shabalin, A. G. et al. Nanoscale imaging and control of volatile and non‐
volatile resistive switching in VO2. Small 16, 2005439 (2020).

49. Bauer, G. E. W., Saitoh, E. & van Wees, B. J. Spin caloritronics. Nat. Mater. 11,
391 (2012).

50. Midya, R. et al. Anatomy of Ag/Hafnia‐based selectors with 1010 nonlinearity.
Adv. Mater. 29, 1604457 (2017).

51. Ambrogio, S. et al. Statistical fluctuations in HfOx resistive-switching memory:
Part I—Set/reset variability. IEEE Trans. Electron Devices 61, 2912 (2014).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25802-1

6 NATURE COMMUNICATIONS |         (2021) 12:5499 | https://doi.org/10.1038/s41467-021-25802-1 | www.nature.com/naturecommunications

https://doi.org/10.5281/zenodo.5165080
https://doi.org/10.5281/zenodo.5165080
https://arxiv.org/abs/2012.13009
https://arxiv.org/abs/2009.12536
https://arxiv.org/abs/2009.12536
www.nature.com/naturecommunications


52. Beaumont, A., Leroy, J., Orlianges, J.-C. & Crunteanu, A. Current-induced
electrical self-oscillations across out-of-plane threshold switches based on VO2

layers integrated in crossbars geometry. J. Appl. Phys. 115, 154502 (2014).
53. Chopdekar, R. V. et al. Nanostructured complex oxides as a route towards

thermal behavior in artificial spin ice systems. Phys. Rev. Mater. 1, 024401
(2017).

54. Nelson-Cheeseman, B. B., Wong, F. J., Chopdekar, R. V., Arenholz, E. &
Suzuki, Y. Room temperature magnetic barrier layers in magnetic tunnel
junctions. Phys. Rev. B 81, 214421 (2010).

55. Kwon, D.-H. et al. Atomic structure of conducting nanofilaments in TiO2

resistive switching memory. Nat. Nanotechnol. 5, 148 (2010).
56. Park, G.-S. et al. In situ observation of filamentary conducting channels in an

asymmetric Ta2O5−x/TaO2−x bilayer structure. Nat. Commun. 4, 2382 (2013).
57. Chen, J.-Y., Huang, C.-W., Chiu, C.-H., Huang, Y.-T. & Wu, W.-W. Switching

kinetic of VCM-based memristor: evolution and positioning of nanofilament.
Adv. Mater. 27, 5028 (2015).

58. Chen, J.-Y. et al. Dynamic evolution of conducting nanofilament in resistive
switching memories. Nano Lett. 13, 3671 (2013).

59. Zhang, L. et al. Resistive switching mechanism in the one diode-one resistor
memory based on p+-Si/n-ZnO heterostructure revealed by in-situ TEM. Sci.
Rep. 7, 45143 (2017).

60. Fujiwara, K., Nemoto, T., Rozenberg, M. J., Nakamura, Y. & Takagi, H.
Resistance switching and formation of a conductive bridge in metal/binary
oxide/metal structure for memory devices. Jpn J. Appl. Phys. 47, 6266 (2008).

61. Choi, S.-J. et al. In situ observation of vacancy dynamics during resistance
changes of oxide devices. J. Appl. Phys. 110, 056106 (2011).

62. Kudo, M., Arita, M., Ohno, Y. & Takahashi, Y. Filament formation and
erasure in molybdenum oxide during resistive switching cycles. Appl. Phys.
Lett. 105, 173504 (2014).

63. Cheng, S. et al. Operando characterization of conductive filaments during
resistive switching in Mott VO2. Proc. Natl Acad. Sci. 118, e2013676118
(2021).

64. Cooper, D. et al. Anomalous resistance hysteresis in oxide ReRAM: oxygen
evolution and reincorporation revealed by in situ TEM. Adv. Mater. 29,
1700212 (2017).

65. Nallagatla, V. R. et al. Topotactic phase transition driving memristive
behavior. Adv. Mater. 31, 1903391 (2019).

66. Yang, Y. et al. Observation of conducting filament growth in nanoscale
resistive memories. Nat. Commun. 3, 732 (2012).

67. Wang, Z. et al. Memristors with diffusive dynamics as synaptic emulators for
neuromorphic computing. Nat. Mater. 16, 101 (2017).

68. Jiang, H. et al. Sub-10 nm Ta channel responsible for superior performance of
a HfO2 Memristor. Sci. Rep. 6, 28525 (2016).

69. Wu, X. et al. Intrinsic nanofilamentation in resistive switching. J. Appl. Phys.
113, 114503 (2013).

70. Liu, Q. et al. Real-time observation on dynamic growth/dissolution of
conductive filaments in oxide-electrolyte-based ReRAM. Adv. Mater. 24, 1844
(2012).

71. Chang, C.-F. et al. Direct observation of dual-filament switching behaviors in
Ta2O5-based memristors. Small 13, 1603116 (2017).

72. Jang, M. H. et al. Observing oxygen vacancy driven electroforming in
Pt–TiO2–Pt device via strong metal support interaction. Nano Lett. 16, 2139
(2016).

73. Wedig, A. et al. Nanoscale cation motion in TaOx, HfOx and TiOx memristive
systems. Nat. Nanotechnol. 11, 67 (2016).

74. Gao, S. et al. Improving unipolar resistive switching uniformity with cone-
shaped conducting filaments and its logic-in-memory application. ACS Appl.
Mater. Interfaces 10, 6453 (2018).

75. Xu, Z., Bando, Y., Wang, W., Bai, X. & Golberg, D. Real-time in situ HRTEM-
resolved resistance switching of Ag2S nanoscale ionic conductor. ACS Nano 4,
2515 (2010).

76. Aiba, A. et al. Investigation of Ag and Cu filament formation inside the metal
sulfide layer of an atomic switch based on point-contact spectroscopy. ACS
Appl. Mater. Interfaces 11, 27178 (2019).

77. Coll, M. et al. Integration of atomic layer deposition CeO2 thin films with
functional complex oxides and 3D patterns. Thin Solid Films 553, 7 (2014).

78. Gonzalez‐Rosillo, J. C. et al. Nanoscale correlations between metal–insulator
transition and resistive switching effect in metallic perovskite oxides. Small 16,
2001307 (2020).

79. Gonzalez-Rosillo, J. C. et al. Volume resistive switching in metallic perovskite
oxides driven by the metal-insulator transition. J. Electroceram. 39, 185 (2017).

80. Moreno, C. et al. Reversible resistive switching and multilevel recording in
La0.7Sr0.3MnO3 thin films for low cost nonvolatile memories. Nano Lett. 10,
3828–3835 (2010).

81. Ortega-Hernandez, R. et al. Resistive switching in CeO2/La0.8Sr0.2MnO3 bilayer
for non-volatile memory applications. Microelectron. Eng. 147, 37 (2015).

82. Gonzalez‐Rosillo, J. C. et al. Engineering oxygen migration for homogeneous
volume resistive switching in 3‐terminal devices. Adv. Electron. Mater. 5,
1800629 (2019).

83. Marinković, S. et al. Direct visualization of current-stimulated oxygen
migration in YBa2Cu3O7-δthin films. ACS Nano 14, 11765–11774 (2020).

84. Yao, L., Inkinen, S. & van Dijken, S. Direct observation of oxygen vacancy-
driven structural and resistive phase transitions in La2/3Sr1/3MnO3. Nat.
Commun. 8, 14544 (2017).

85. Sidik, U., Hattori, A. N., Rakshit, R., Ramanathan, S. & Tanaka, H. Catalytic
hydrogen doping of NdNiO3 thin films under electric fields. ACS Appl. Mater.
Interfaces 12, 54955–54962 (2020).

Acknowledgements
This work was supported as part of Quantum Materials for Energy Efficient Neuro-
morphic Computing (Q-MEEN-C), an Energy Frontier Research Center funded by the
U.S. Department of Energy, Office of Science, Basic Energy Sciences under Award #DE-
SC0019273 (fabrication, measurements, simulations). M.R. acknowledges partial support
from the French Agence Nationale de la Recherche “MoMA” project ANR-19-CE30-
0020 (computational model development).

Author contributions
P.S. and I.K.S. conceived the experiment, D.S. and Y.T. synthesized the LSMO films, P.S.
performed the transport and MOKE measurements, P.S., J.d.V., and Y.K. analyzed the
experimental data, L.F., R.B., and M.R. performed the numerical simulations, all authors
discussed the results and contributed to the preparation of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-25802-1.

Correspondence and requests for materials should be addressed to Pavel Salev.

Peer review information Nature Communications thanks Xavier Obradors and Ilia
Valov for their contribution to the peer review of this work. Peer reviewer reports are
available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-25802-1 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:5499 | https://doi.org/10.1038/s41467-021-25802-1 | www.nature.com/naturecommunications 7

https://doi.org/10.1038/s41467-021-25802-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Transverse barrier formation by electrical triggering of a metal-to-insulator transition
	Results
	Discussion
	Methods
	Sample preparation
	Electrical measurements
	MOKE measurements

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




