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ABSTRACT: There is growing interest in correlated oxides that can switch between volatile
resistance states when an electrical bias is applied, functioning as artificial neurons in
neuromorphic computing systems. Most devices typically rely on first-order insulator—metal
transitions (IMT). However, recent discoveries have shown that devices made of a second-
order spin-transition material, such as LaCoO; (LCO), can exhibit different or improved
functionalities. Despite their significance, the microscopic details surrounding the formation
of conductive channels have still been unreported. In this study, the spatiotemporal details of
channel formation are revealed by using a combination of infrared (IR) and Raman
microscopy. Comparison of LCO and materials such as VO, reveals critical differences with
important ramifications for computing. First, the findings indicate that LCO channels are
narrower and more efficient than VO,, but they are also more sensitive to electric fields and
disorder. Channels are found to repeatedly hop between different locations under steady-
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state oscillations, a behavior not previously reported. Additionally, memory effects at high bias are observed. The experiments, along
with finite element simulations (FES), suggest that the spin transition in LCO may significantly influence channel nucleation, leading
to an increased sensitivity of neuronal devices to disorder and electrode geometry. We discuss how the inherent stochasticity and
memory effects could enable functionalities in neuromorphic computing.
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B INTRODUCTION

Electrically induced insulator—metal transitions (IMT) have
been well-documented in materials such as VO,.'” In
switching devices based on such materials, localized fields or
Joule heating trigger a phase transition that results in a volatile
spike in current or voltage. Under bias, IMT devices can
undergo negative differential resistance (NDR) and become
locally active, yielding oscillatory or neuron-like spiking
dynamics when coupled into networks with passive circuit
elements (e.g, resistors and capacitors). Recently, a class of
devices based upon a spin crossover induced IMT has been
demonstrated using the material LCO, including neuron-like
firing, true random number generation, and axon-like signal
transmission.”” The spin crossover in LCO is interesting for
two reasons: first, it occurs at more technologically relevant
temperatures (400—800 K, which is above CMOS operating
temperature) unlike materials such as VO, (340 K, which is
below), and second, it relies on a second-order spin transition
and is therefore fundamentally different from previous
materials."”' While the macroscopic material properties
such as IMT temperature and IMT magnitude are critical to
device operation, microscopic details of switching are known
to play a considerable role. For example, for VO, local
inhomogeneities are predicted to form as conductive channels
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and have been experimentally and theoretically shown to have
strong influence on the currents and switching speeds.’' ™"
Conduction channels, sometimes termed filaments, are volatile
regions smaller than the width of the device that form and
concentrate the current flow between the two device
electrodes. Revealing the physical mechanisms of channel
formation in LCO would provide new opportunities: first, it
would enable the development of compact device models for
the prediction and rational design of devices, and second, it
would reveal the role of the spin transition in channel
formation.

Efforts to study conductive channel formation previously
have relied upon synchrotron-based dark-field X-ray micros-
copy, optical reflectance, thermoreflectance, and low-temper-
ature scanning electron microscopy, among others. Previously
studied materials include VO,, V;05, and V,0;, which typically
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Figure 1. LaCoOj electrothermal devices with operando infrared and Raman imaging: (a) LaCoO; crystal structure and a simplified spin diagram
with a cartoon of Co—O octahedra distortions. (b) Electronic conductivity as a function of temperature. Color scale qualitatively indicates higher
ratio of high-spin configuration with temperature from brown to orange. The LS/HS fluctuations are indicated by half arrows with the arrow size
indicating qualitatively the ratio between spin states. (c) Current—voltage curve for an L = 8 um W = S yum device with PDR (I), NDR (II), and
static NDR (III) regimes indicated in green, blue, and red, respectively. The inset shows 2.9 kHz oscillations at 0.5 mA bias. (d) Schematic of the
operando experiment including an optical image of an LCO lateral device of L = 8 yum, W = S ym, with L along the x axis and W in the y axis.
Infrared camera images of L = 6 ym, W = 10 um LCO device at (e) 0.5 mA bias and (f) 2.0 mA bias. (g) Electrical and thermal oscillations during
constant bias regime II of a W = 5 um device held at I,,, = 0.5 mA by the SMU.

exhibit channels forming on the order of 5 ym in width or
greater.””'” For time-resolved pump—probe techniques,
repeatable processes are captured while the device is repeatedly
switched from zero bias to the NDR regime. Our work has
several key differences: first, we consider a spin-transition
material in which high-spin and low-spin states coexist in a
steady-state mixture as opposed to a first-order transition.
Thus, phase coexistence and the spatial distributions of
domains and domain boundaries no longer influence the
transition. Second, we use high spatial resolution Raman
microscopy to determine the conductive channel width and
position and combine this with high temporal resolution
infrared (IR) imaging to capture real-time switching events
under steady-state NDR (without complete cooling and
rebiasing). The measurements reveal several critical findings:
First, the formation of volatile conductive channels (width <2
um) is observed during negative differential resistance. Second,
during steady-state oscillations, the location of channels are
found to be probabilistic, with strong competition observed
between narrow, alternating paths. Third, the nucleation of
channels is found to be highly sensitive to electric fields due to
local disorder but can be engineered by sharp features in
contacting electrodes. Finally, we observe channels to progress
from volatile, to semivolatile and eventually nonvolatile
behavior with increasing current bias (Iapp), which could be
exploited for memory applications.'®"? Multiphysics finite
element simulations (FES) are used to model the local
voltages, currents, and electric fields by taking into account the

6916

electronic and thermal properties of LCO. FES confirms the
observation of current collapsing into a highly conductive
channel and the role of electric fields in channel formation.

B RESULTS

Electrothermal devices based upon epitaxial LCO (140 nm
thick) were grown via pulsed laser deposition on LaAlO5(100)
(LAO) single-crystal substrates. The LCO crystal lattice
structure and a simplified spin diagram are shown in Figure
la. In LCO, crystal field splitting lifts the degeneracy of the Co
3d states. The spin pairing energy competes with this effect to
promote electrons from low-spin (LS) to higher-spin
configurations at higher temperature.”” While some details
remain controversial, it is generally accepted that a first-order
transition from a lower spin to higher spin state occurs at 90 K
and that a subsequent second-order spin transition occurs from
400 to 800 K and is concomitant with an IMT. This transition
is often understood as a spin crossover involving mixtures of
low-spin (LS) and high-spin (HS) configurations in different
ratios.”’ 7*° The LCO electronic conductivity as a function of
temperature is plotted in Figure 1b. The shape and magnitude
of the IMT transition (1—1000 S/cm) is consistent with
previous reports of the second-order transition from single
crystals and high-quality epitaxial films.””**

All devices exhibited a characteristic current-controlled I-V
curve with three distinctive regions, as depicted for a
representative device in Figure lc. The first region (I) is that

of positive differential resistance (PDR) where increasing Lipp
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Figure 2. Raman imaging of conductive channels: (a) Schematics of the quadrupole and breathing mode vibrations in LCO indicating atomic
motions. (b) Temperature-dependent Raman spectra with temperature indicated at the right. Color of the line indicates an increase in temperature
from black to orange. (c) Raman A,, image overlaid across an optical image of a device during 2.0 mA bias. Panels (d—f) correspond to Raman
measurements under three bias conditions under 0.0, 0.5, and 2.0 mA bias (three main regions of the I-V curve of a device with L = 6 ym, W = 12
pum). The left-column Raman images show intensity in color scale; x axis corresponds to Raman shift, and y axis corresponds to the transversal
position in the device (perpendicular to current flow). Intensity plots to the right of (d—f) show the distribution of the HT mode and the A,, mode

intensity across the device for the three cases.

leads to larger voltages. This first regime is followed by a
sudden jump to lower voltage and a second regime (II)
characterized by NDR and the emergence of oscillations (see
the inset of Figure 1c). It is noted the I—V curve is time
averaged by the source-measure unit (SMU), whereas the
oscilloscope (inset) captures the relevant oscillations. At higher
bias, the oscillations disappear, marking the start of static NDR
(II). The exact values at which these regimes occur have a
weak dependence on device geometry (SI Section 1, Figure
S1).

To reveal the microscopic details of operation, devices were
imaged operando as depicted in the schematic in Figure 1d. An
optical image of a device with dimensions length, L = 8 um,
and width, W = § pum, is shown in the diagram. The LCO
devices were connected to a current source, and an
oscilloscope was used to capture the oscillations. A limit
resistor (5 kQ) was used to damp the amplitude of oscillations
to prevent overheating.* Devices were imaged with both an IR
camera and a Raman microscope in separate configurations.

First, IR camera movies were recorded during the operation.
Figure le shows the image of a device taken under 0.5 mA bias,
corresponding to regime II and Figure 1f corresponds to 2.0
mA bias and regime IIL In both cases, a temperature increase
between the Pd contacts is observed, indicating localized
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heating. Only qualitative trends in temperature rise can be
captured due to mixing of infrared emission from the substrate
and LCO as well as due to spatial averaging. Data are plotted
as raw IR counts (counts increase with temperature).
Qualitative spatial and quantitative temporal information can
be extracted. For example, a qualitative increase in the
temperature is found with increasing applied bias, confirming
higher power dissipation. Further, utilizing a high frame-rate
camera (Telops M2k), the synchronized thermal and electrical
spiking can be measured in real time. As illustrated in Figure
1g, the cyclic behavior observed in regime II is characterized by
rises in electrical current accompanied by spikes in the voltage
and temperature. The temperature rise is always followed by
rapid cooling. Despite the rich temporal information accessible
with IR imaging, the resolution was limited to approximately
10 pym and higher-resolution details of operation were captured
with Raman microscopy.

Raman spectroscopy with visible light (532 nm) can have a
spatial resolution better than 1 ym, and the Raman modes have
a well-documented relationship with the spin transition. For
example, the quadrupole E, and breathing mode A, have been
used to track the spin transition as a function of temper-
ature.””** Schematics depicting the atomic motion from
quadrupole and breathing mode vibrations are shown in
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Figure 2a. At elevated temperature, above 300 K labeled as
high temperature (HT), both thermal expansion and the
promotion of Co 3d electrons into a higher spin configuration
distort the Co—O octahedra and lead to a systematic red shift
of the A,, mode. Temperature-dependent Raman spectra of
our films are plotted in Figure 2b. At room temperature (black
trace), the quadrupole and breathing modes at 550 and 670
cm™" are observed and labeled by diamond and star symbols,
respectively. As the temperature increases from 300 to 620 K,
the A,, mode undergoes a systematic lowering by ~15 cm™!
and a reduction in overall intensity relative to the baseline. An
additional mode near 400 cm ™" appears at high temperature as
documented previously.”* > An example of a Raman micro-
graph of a device during 2.0 mA biasing (regime III) is plotted
in Figure 2c and overlaid across an optical image (on the LCO
channel only). Clear inhomogeneities were observed as
modulation in A,, and a linear feature with lower intensity is
observed connecting the two electrodes (indicated by the black
arrow). A lower bound on the temperature in the hottest
region (approximately 600 K) can be approximated by
comparison with the temperature-dependent Raman measure-
ments, as shown in the SI Section 2, Figure S2. The shape and
size of the conduction channel was confirmed by biasing to the
damage threshold (>3.0 mA) in which case a permanent
optical contrast over the same region is observed (see SI
Section 3, Figure S3). We found close agreement between
Raman and IR imaging in the positions of conduction
channels.

Having established conduction channels as linear features
across Raman images, we took Raman line cuts at points across
the center of the LCO channel, as indicated by the dotted
green line in Figure 1d. These line cuts allow detailed
comparisons between hot and cold regions while reducing
redundancy in the data sets. In the 2D plot shown in Figure
2d—f, Raman intensity (color scale) is plotted against the
wavenumber (x axis) and vertical position within the LCO
channel (y axis). These plots are shown for a device under 0.0,
0.5, and 2.0 mA bias corresponding to the regimes I, II and III,
respectively. In regime I, a vertical bright yellow line between
600 and 700 cm™" corresponds to the breathing mode of LCO
(indicated by white star) and is roughly uniform across the
device width (y axis). The edges of the LCO channel are
marked by a loss of signal at 670 cm™ and a feature at 490
cm™' from the underlying substrate (white square).”® The
intensity distributions for the high temperature (400 cm™')
and breathing modes (670 cm™") are shown to the right of
each image, with arrows indicating most affected positions.

We next discuss regime III depicted in Figure 2f, as its
interpretation is more straightforward than regime IL. A
channel is observed as a central black horizontal line (broader
A,, with lower counts) in the Raman image, indicated with a
red arrow. The associated increase in the high temperature
mode at 400 cm™" is clear from the intensity distributions. The
Raman features are similar to the channel in Figure 2¢ and
similar to Figure 2b curves at a high temperature. A
temperature estimate based upon peak position gives a lower
bound of 600 K for the conduction channel temperature.
Additionally, the sides of this high temperature channel exhibit
an increase in the A,; intensity and wavenumber. This
indicates effects outside of pure temperature and may be
related to strain. Features observed in regime III conduction
channels were dependent on total dissipated power across the
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device, as is the case for other materials (SI Figure S4) and
consistent across many devices (SI Figure SS bottom row).

Regime II presents significantly more complex behavior with
intriguing ramifications for LCO device physics, especially
considering that dynamic oscillations occur. In the example in
Figure 2e, two channels are observed (indicated by blue
arrows) with a decrease in the A,, mode intensity less
pronounced than in regime III. The middle and right columns
of Figure 2d—f correspond to the intensity distribution of the
A,g and the high temperature 400 cm ™ mode, respectively. In
Figure 2e, the two features are found to be of a similar nature
to those in regime III (seen in Figure 2f). A comparison
between regimes II and III reveals that despite the similar
overall width of the conduction channels, regime II shows a
less pronounced decrease in intensity in those regions.
Interestingly, only regime III is shown to have significant
increase in the mode at 400 cm™, probably due to time
averaging across this low intensity feature in regime II. Further
interpretation of regime II is complicated by the time-averaged
nature of the Raman mapping (~4 h duration). For example,
the peak temperature of oscillations will be significantly higher
than the measured average, and therefore, we cannot attempt
to compare peak channel temperature directly between
regimes II and III. Further examples of Raman imaging at
bias levels in regimes II and III are found in SI Figure S6.

Because individual oscillations cannot be captured in Raman
spectroscopy due to their short timescale (<1 ms, see SI Figure
S7), an intriguing question arises as to whether spatially
separate conduction channels can occur simultaneously or
whether they nucleate separately and probabilistically over the
total period of measurement during oscillating NDR. In the
latter case, the Raman profile in Figure 2e would then reflect
the probability distribution of competing current pathways at
the surface. When looking at multiple devices, we find that
regime II is highly sensitive to inhomogeneities and disorder
with significant sample-to-sample variability observed (see
Figure SS top row). This is in contrast to regime IIT which was
consistent across multiple devices, showing a single current
path. Regime II distributions can be grouped into three
categories: (1) many conduction channels (temperature
decreases relatively uniformly across the channel); (2) two
or three favorable spots dominating (e.g. Figure 2e); and (3)
single conduction path dominating, where only one region is
affected. Nonetheless, all observations during regime II occur
with oscillations. We conclude that for regime II, multiple
competing conduction paths potentially create a distribution
that is highly sensitive to local disorder. In contrast, for regime
111, the formed path is static and takes a definitive position. For
further interpretation of regime II, we extend our observations
into the time domain.

We aimed to address whether conduction channels are due
to simultaneous uneven current flow or due to probabilistic
paths forming during each oscillation in NDR. Assuming
conduction channel formation arises from a probabilistic
process driven by spin fluctuations that are sensitive to local
electric fields, we hypothesized that fields from device
electrodes could be used to tilt the probability systematically.
This would simplify the interpretation relative to the
disordered case. To test this, we created an additional device
geometry with two hot spots in the electric field (bistable
device) compared to our uniform devices already presented.
The simulated electric field from uniform and bistable device
geometries are depicted in Figure 3a and Figure 3b,
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Figure 3. Role of electric field on probability distribution of conduction channel formation: (a, b) Results for electric field models for uniform and
bistable devices at t = 0 upon a 2 mA applied bias. An inset showing the electrode corner in panel (b) is shown below, corresponding to the region
inside the red square. (c) Experimental thermal camera measurements of a device in oscillatory regime showing the bistable position of the
conduction channel. (d) Time-averaged intensity counts in the LCO channel showing the bistable distribution of conductive paths. (e) Mean
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for field (V/m) and temperature (K) are shown on the right of each row. Electrodes are indicated by dashed white lines. Time stamps are shown at
the top of the field images for each column and are different for each device geometry. The last column, 3 and 2 us, denotes the steady state.

Simulations consider a device with a 2.0 mA bias.

respectively. In contrast with Figure 3a, Figure 3b has two
lobes near sharp electrode edges (see the inset). Our
hypothesis was that a bistable device will generate a bimodal
probability distribution in the current pathway formation (as
opposed to random due to disorder), which can be clearly
resolved spatially and temporally through IR imaging.

Figure 3c corresponds to the frames extracted from an IR
thermal video of a bistable device (L = W =5 ym). The device
was ramped within the current bias range spanning regime II,
where oscillations occur. Full details about time, applied
current, and voltage curves can be found in SI Section 7, Figure
S10. Four representative spiking events (f1, £2, 3, f4) show a
hot spot of increasing temperature with current. We observe a
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bistable distribution, where current collapse (hot spot seen as
red area) can either happen above or below the center of the
channel (indicated by a dashed white line), near the regions of
high field. If the intensity is integrated for the whole oscillatory
regime, this bistable nature is made evident, as shown in Figure
3d and fitted to the upper and lower Gaussian distributions
(red and green). We note that the probability is affected by
increasing bias and temperature as well as field asymmetry.
The IR count distribution is further complicated by localized
IR screening due to the metal electrodes (SI Figure S11 and
Discussion). Nevertheless, Figure 3e depicts the mean intensity
of upper and lower area boxes (shown in the inset), which
highlights the nonsimultaneous nature of the competing
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current paths. The center of the hot region, in red, moves from
top to bottom of the device channel, never appearing in both
simultaneously. While individual oscillations are not easily
extracted due to limited frame rate with our 10 ym resolution
camera, the change in the hot channel position is clear.
Together with the temporal resolution of individual nucleation
events, this strongly suggests competing nonsimultaneous
filaments. Similar experiments, both maintaining constant
bias in the oscillatory regime and cycling a device to the static
regime III multiple times, have been performed, which also
indicate a bimodal distribution between high-field regions in
bistable devices (SI Figure S12).

Simulations were carried out to capture the time-dependent
formation of hot conductive channels. The 3D model couples
electronic transport and heat transfer in solids using the
COMSOL Multiphysics commercial software package, which
governs Joule heating law (more details in the Methods section
and SI Section 9).”* Critically, the simulations take into
account the temperature-dependent electrical conductivity
from Figure 1b by interpolating the curve during the time
steps. The two types of electrode geometries from Figure 3a,b
were simulated. Time series showing electric field and
temperature evolution for uniform and bistable field devices
are shown in Figure 4ab, respectively. Simulations shown
consider a 2.0 mA applied bias, consistent with our
experimental results. In the uniform field simulations in Figure
4a, the central region begins to concentrate most of the
temperature and current. The temperature gradient gets
sharper with time and eventually collapses current and heat
into a conduction channel, bridging the electrodes. For the
bistable case, Figure 4b, the field presents two regions of higher
intensity on the top and bottom of the channel. Electrode
geometry creates localized charge accumulation at the sharp
electrode edges, which leads to a high current density. The
temperature gradually shifts from asymmetric bistability to a
single dominant path. The timescales observed for the collapse
event are found to depend strongly on material properties and
local electric field strength but are usually on the 0.1—1.0 s
timescale. To investigate the effect of geometry and substrate,
as well as discern intrinsic material implications, we have
performed a sensitivity analysis that can be seen in SI Section
9. Finally, additional modeling including the effects of elastic
strain indicate large gradients (as much as 1%) occurring at the
edges of the conduction channel. Large strain gradients may
explain the shifts observed at the edges of the conduction
channel, but such effects require further experiments to verify
(see SI Figures S13 and S14 for further discussion).

To complete our description of the device behavior, we
discuss observations of semivolatile and nonvolatile con-
duction channels. In the preceding discussion, volatility is
observed when current does not exceed the start of regime III
(~2.0 mA) for extended periods. Longer-term residual effects
are found at higher bias (2.0 < I < 3.0 mA) for the device
geometries presented here. This effect, seen in Figure Sa,
consists of a ~5 cm ™ red shift and intensity decrease of the Ay
mode in the center of what constituted the active conduction
channel. Additional changes in boundary regions can also be
observed, usually involving a blue shift in those areas. It also
induces a change in the NDR regimes to lower voltages and
lower current bias thresholds (Figure Sb and SI Figure S12b).
The signatures last a few hours, with the specific timescales
varying due to the duration of current hold and voltage. We
note that for VO, devices, a similar observation has been
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Figure S. Nonvolatile memory effects in channel formation correlated
with I-V characteristics. (a) Raman image taken at 0.0 mA bias for a
device (W = 1S ym, L = 7 ym) that was previously held at 2.0 mA for
3 h. Panel (b) shows corresponding I-V curve before the hold
(black), after the hold (red), and after relaxation over several days
(dashed black). The inset Raman image in (b) corresponds to the
same device before bias holds for reference.

ascribed to either point defects or pinning of domains.'® Later,
we discuss the possible mechanisms for such nonvolatility.

Bl DISCUSSION

Having established the nature of conduction channel formation
in LCO devices, we next discuss how our observations
compare with those of other materials and their implications
for device physics. First, our results are consistent with
previous theoretical and experimental work. In 1963, Ridley
predicted NDR and conductive channel formation in materials
under current biasing due to channels possessing a more stable
thermodynamical state via entropy production minimization.*”
More recently, Bradicich et al. were able to model conduction
channel formation in VO, using FES without the energetics of
phase boundaries, although they utilized the much sharper
IMT transition.” In another example, Jardali et al.
demonstrated through analytical models that the NDR regime
can be accessed without the sharp non-nonlinearities from
first-order materials, although they did not explicitly model
channel formation.’® The results are also consistent with the
experimental observation of channels in second-order V;O;.
We found that LCO produced narrower channels at ~2 ym
compared to studies of vanadium oxides with ~5 to 10 um
channels. Channel nucleation and width has been linked to
resistivity ratios in the material’'s IMT for vanadium oxides,*”**
with larger ratio materials expected to produce narrower
channels. This relationship does not appear to extend directly
to LCO, as it would predict larger channels not smaller. We
found that when considering differences between LCO and
vanadium oxide studies, both extrinsic differences (i.e., device
dimensions, substrate) and competing intrinsic differences
(IMT transition, thermal conductivity) must be considered.
However, FES analysis indicated that extrinsic factors are
unlikely to explain smaller LCO channels. For example, a
sensitivity analysis revealed substrate thermal conductivity and
device dimensions could not explain the smaller channels alone
(SI Section 9.1.2). We therefore conclude that intrinsic
materials properties are likely responsible. From the literature,
we found that broadly, channel width has a strong correlation
with total power dissipated, as seen across multiple studies
independent of many other factors. The total power is
significantly lower for LCO than reported channels in materials
such as VO, (refer to SI Figure S4d,e).”” " The required
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power for NDR can be linked to several competing intrinsic
material properties, such as thermal conductivity and IMT
resistance ratio, but it is difficult to completely disentangle
these effects from modeling. While IMT ratio and LCO
thermal conductivity both appeared to play a role in FES,
further work outside the scope of this study would be required
to fully quantify the relationships. We also note that the lower
power for LCO devices and the more gradual nature of the
transition should increase oscillation endurance and lower
energy consumption.

Conduction channels in LCO devices exhibit a probabilistic
nature. In contrast to the formation of static pathways, these
channels tend to hop between locations. This phenomenon of
hopping is found to occur between consecutive oscillations and
between successive static NDR cycles. We note that such
observations were found among nearly all LCO devices with
more than one sharp electrode point. Previously, Del Valle et
al. looked at cycle-to-cycle conduction channel formation
during the nucleation event and just after current path
percolation. The study was done in both first-order materials
V,0; and VO, and the second-order material V;O;, where the
devices were allowed to completely cool between cycles.’”
More recently, probabilistic, competing conduction paths were
observed in materials cycle-to-cycle, but devices were not
investigated or discussed under steady-state oscillation, as we
have shown in this work.**® Adda et al. report channel
formation during cycling and steady state bias on V305 as we
have discussed for LCO.'® However, they conclude the
presence of a wide single conduction channel during
oscillations rather than probabilistic hopping. The material
and substrate thermal properties, as well as the magnitude of
thermal fluctuations, are crucial to the emergence of hopping.
For example, the residual temperature from a previous filament
can influence the following nucleation event if temperature is
not sufficiently distributed or dissipated. As an example, we
observed that competition between filaments tended to
decrease with applied bias and the baseline temperature rise
(Figure 3e). This indicates that residual temperature likely
influences nucleation but is not enough to overcome
competition between bistable regions. Additionally, we note
that it remains unclear whether hopping of narrow conduction
paths during oscillations is limited to LCO or extends to other
materials. Future work utilizing the techniques presented here
would help determine universality during oscillation (e.g,
comparing LCO with V,05).

It is interesting to discuss the potential processes governing
probabilistic formation, as they may explain the observed
differences with other materials. We hypothesize that the spin
gap, which is roughly 30 meV and sits near the thermal energy
at 300 K (~25 meV), may act as a source of the observed
hopping in conduction channel formation when coupled to
thermal fluctuations. The prevailing picture of the spin
crossover involves constant fluctuation between spin states in
an equilibrium (as depicted in Figure 1a), but where each spin
promotion event could lead to significant structural distortions
and large highly localized changes in conductivity. The large
conductance fluctuations accessible at room temperature may
effectively sample a large potential energy landscape due to
electric fields and disorder, giving rise to competition between
more regions when compared with other materials. For
example, conductance fluctuations in second-order V;O5 may
be sufficiently small (due the shallow transition) as to only
sample a small space that governs nucleation. Similarly, for
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VO,, thermally excited conductance fluctuations are not
enough to overcome the transition, and thus nucleation may
be dominated by weak conductance fluctuations in the
insulating state with nucleation properties similar to those of
V;0;. The spin gap associated with spin fluctuations depends
on the octahedral field splitting and therefore could be
engineered through alloyin§ LCO (e.g,, Sm alloying) or other
transition metal oxides."”*

Another interesting similarity with VO, is the observation of
memory effects, including semivolatile and nonvolatile
behaviors. Such memory effects are well-documented in VO,
with hysteresis in domain formation from both electrothermal
switching and temperature cycling.">'*'** For VO,, the
origin of short-term memory remains unresolved but has been
hypothesized to relate to the energetics of domain flipping and
potentially due to the migration or movement of point
defects.'®*® For LCO, the temperatures (600—800 K) and
timescales (hours to days) suggest that oxygen vacancy
diffusion may play a role. Thermodynamically, we expect a
nonzero population of vacancies created during growth. These
defects may redistribute under bias, driven by the local
temperature, strain, and voltage gradients surrounding the
conductive channel. A thorough investigation of these
phenomena is beyond the scope of this work. However, the
findings presented herein will serve as motivation for the local
characterization of chemical and structural changes. While
these effects inhibit repeatable behavior at high bias, they may
prove useful for neuromorphic algorithms which utilize short-
term plasticity in neuronal firing for training.***°~>* We note
that these effects could be responsible for VO, memory as well,
indicating that the energetics for domain flipping may be only
partially responsible.

B CONCLUSION

For LCO, the details of switching and channel formation
appear to have qualitatively different behavior compared to
other oxides. In particular, the size of channels appears to be
significantly smaller than VO, for similar geometries, despite
the gradual nature of the LCO transition. This is counter to
previous trends with vanadium oxides, where shallower
transitions are found to support larger conduction channels.
A sensitivity to local electric fields from disorder or contacting
electrodes is found to give rise to repeated stochastic hopping
or strong competition between conduction paths under steady-
state oscillations. Although the precise details surrounding the
hopping nucleation events are unknown, the low energy of the
spin gap presents an intriguing hypothesis. Further oppor-
tunities lie in the study of other spin-transition materials (i.e.,
organic spin complexes) and the engineering oxide spin
crossover devices. For example, rare-earth substitutions (e.g.,
with other lanthanides®® or strontium) are a well-known
method to increase the crystal field splitting or to tune the
octahedral tilt which will have a direct impact on the transition
through modifications to spin states and thermal conductivity.

B METHODS

Growth and Device Fabrication

For pulsed laser deposition, the LaCoO; target was purchased from
Toshima corporation and ablated with 3 J/cm® power using an
Nd:YAG laser with a wavelength of 266 nm. After verifying electrical
and structural properties, devices were fabricated using a two-step
lithography process involving first etching of the channels to specific
dimensions and then depositing metal contacts. First, channels were
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etched with an MRC Model S5 reactive ion etching system and Freon
23 gas with 100 W of power and a partial pressure of 10 mTorr. A
following lithography step is used to define and construct the
electrode geometries and contact pads using 150 nm of Pd deposited
by electron beam evaporation. Channel dimensions varied from
roughly 2—15 ym in width (W) and 2—10 ym in length (L).

Device Characterization

A limiting resistance of 5.1 k€ was used to avoid damaging the device
during biasing. Current sweeps were performed with a Agilent
B2901A precision source/measure unit, and a Agilent Technologies
MSO7054A oscilloscope was used to record oscillations. The devices
were wire bonded to a gold chip holder that is attached with thermal
paste to a metal block to improve mechanical and thermal anchoring.
The devices were operated at room temperature and in an atmosphere
to prevent the formation of oxygen vacancy defects. The overall chip
temperature was measured with the thermal camera and checked that
it was at room temperature (around 295 K) during all regimes of
operation. The IV curves and voltage values given in this paper are
across the device, and the contribution from the load resistor has been
removed.

Infrared Imaging

IR imaging of the LCO devices was performed using an FLIR SC-
6700 and a Telops M2k UD. Movies taken with the FLIR SC-6700
infrared camera were analyzed using FLIR Research Studio software.
The camera’s sampling rate was set at 62.9, 1369.1, and 2055.2 Hz for
different measurements, and the temperature scale used were 35—150
and 80—200 C. Pixel size is 4 ym and the observed spatial resolution
of approximately 10 ym (detector pitch 15 pm frame size 160 X 128
pixels). The temporally resolved measurements of the oscillations
were performed using a Telops M2k UD (detector pitch 30 ym, frame
size 64 X 4 pixels), 5.61 us exposure time, and 90 kHz frame rate.
Absolute temperature values cannot be extracted due to the substrate
and environment IR contributions, which cannot be decoupled.
Therefore, only IR counts are used as an indicator of temperature.

Raman Spectroscopy

Raman spectroscopy was performed on a Renishaw inVia commercial
Raman microscope with resolution <1 gm. For line scans and two-
dimensional images, a step of 0.1-0.5 ym was used to obtain a
balance between measurement time and resolution. Each point is
integrated for ~5 to 10 min, with total time for each measurement
ranging from 1 to 6 h depending on the device size. For operando
measurements, the device is held at a constant bias during acquisition
time, with its voltage and oscillations (when applicable) being
monitored. The measurements are performed with a 532 nm laser and
~220 uW to avoid external heating of the sample.

Finite Element Simulations

Finite element modeling was carried out using COMSOL Multi-
physics, with electrical and thermal models coupled via the Joule
heating module. The model consists of palladium (Pd) electrodes at
the top, followed by a layer of lanthanum cobaltite (LCO), and a
lanthanum aluminate (LAO) substrate beneath (see more details in SI
Section 9). To investigate the electrothermal response of the device,
temperature-dependent material properties, including electrical
conductivity, thermal conductivity, and heat capacity, were imported
into the simulation based on measured and previously reported data,
see SI Section 9, Table S1.

B ASSOCIATED CONTENT
© Supporting Information
The Supporting Information is available free of charge at
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Supporting I-V curves for LCO devices of different
sizes; additional optical, thermal, and Raman maps;
additional analysis and bibliographic survey of con-
ductive channel widths; analysis of Raman spectra at
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results for the finite element simulations and sensitivity
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1 Supplementary IV curves

I-V curves corresponding to a subset of the studied device geometries is shown in Figure S1. We note all geometries
studied behaved similarly and were reproducible.
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Figure S 1: Vs for different size devices showing the dependency on width and length.

2 Temperature Raman Calibration

In order to understand the observed changes in operando devices, thin films of LCO of equivalent growth to the devices
shown have been studied at different temperatures. The Raman analysis is shown in Figure S2.
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Figure S 2: Raman spectra and peak fitting of temperature dependent LCO thin film at 520 K and 620 K and
comparison with signal extracted from active conduction channel (central spectra). Fitting has been done using A, E,,
400 cm™! and LAO peaks.

3 Conduction Channel Shape and Size

The conduction channel, sometimes referred to as conductive filament or current path, has been investigated for a range
of device sizes and applied currents. This region is defined as the portion of material in the otherwise insulating device
that is acting as the conduction channel for most of the current flow through the device. This also implies that this region
has higher conductivity (metallic character) and higher temperature. This conduction channels usually forms a
longitudinal path across the electrodes. The conduction channels studied here are volatile and rely on the localized MIT
present in the material. In order to corroborate channel shape and size, some devices were switching above the non-
volatile damage threshold, generating a region with optical contrast were the hot channel formed. This region is visible
with optical microscopes (as shown in Figure S3c) and is not subject to the operando resolution limitations, therefore
presenting the most reliable channel size and shape. We note that damage thresholds depend on applied bias, external

circuit and bias hold duration.
a) b) C)

A29 intensity (a.u)
O I 100

Figure S 3: Optical images before a) and after ¢) a permanent damage is created due to conduction channel formation at
high current bias. Panel b) optical image has a 2D Raman map of the A,, mode intensity during regime III, comparable to
Figure 2c¢ of main text.

A bibliographic survey has been performed for reported conduction channels or filaments formation in MIT based devices.
Figure S4 shows our method of width determination and a comparison to previous data in VO, channels. We note that,
in the bibliography we are including voltage and current controlled devices and that power dissipation has been estimated
from the provided data in each case to the best of our knowledge. LCO is shown in gray and black with error bars, while
VO, (red) V,0; (green) and V305 (blue) markers correspond to different bibliography sources as: squares [1], filled
circles [2], stars [3], empty circles [4], empty squares [5], inverted triangles [6] and diamonds [7]. We note that power
dissipation is the main source of channel or filament width trends in the literature, however, domain coexistence for the
case of first order transition materials should be considered independently.
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Figure S 4: Conduction channel size analysis from Raman images at 2 mA bias (Regime III) for different size devices.
Panels a) and b) correspond to analysis process using A,, profile across the channel and gaussian fitting with FWHM
value extraction. Panel ¢) shows the conduction channel width (color and size of dots). Note that crosses in c) indicate
device studied but channel width fitting inconclusive. Panel d) shows conduction channel width as a function of dissipated
power including data extracted from numerous bibliography sources for vanadium oxides. We note the lower powers needed
for our LCO devices are consistent with the trend of larger channels with increasing dissipated power. Dissipated powers
and channel widths from references have been estimated from reported data, including voltage and current values, and
therefore have unknown error bars. Panel e) shows a zoom on our reported data from this work, including data obtained
from different devices (black) and different I,,, (blue).

4 Supplementary Raman images

In this section additional Raman images of operando devices are shown. This serves as a reproducibility and variability
analysis, as well as including data for slightly different geometry and current conditions.

Additional examples of devices in regime II and III are shown in Figure S5. The different types of regime II discussed in
the main text can be identified in the top row, while consistency in regime III is shown in the bottom row. Note that
different size devices are used, the scale bars at the left of each image shows 5 um vertical dimension to aid comparison.
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Figure S 5: Variability of regime II (top row) and regime III (bottom row) device identification and voltage underneath
each image. Scale bar of 5 pm shown at the left side of each image to aid comparison between different width devices.

Figure S6 shows additional points in the I-V curve of a representative device, with images in regimes I, IT and III.
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Figure S 6: Evolution of Raman maps with bias. Increasing current from left to right. 0.0 A leftmost image for reference
of unbiased case. 0.07 and 0.1 mA correspond to regime 1. 0.2, 0.4 and 0.7 mA correspond to regime II during oscillations.
1.2, 2 and 3 mA correspond to regime III. The corresponding IV curve of the device (L=3 um W =5um) is shown in the
left for reference. In the bottom right, the relationship between conduction channel width and applied bias for the three
cases in regime III is shown to be almost constant.

5 Regime II: Self-Oscillations

A study of oscillation shape, duration and frequency is shown for a representative device in Figure S7. The frequency and
width of on-state vs bias dependency is shown as an inset. This behavior is reproduced for all devices studied. The
complex interaction between the thermal and electrical conductivities as a function of temperature are made evident by
the complexity of the observed oscillatory behavior and are topics of future discussion.
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Figure S 7: IV curve and oscillation dynamics of a representative device. The full I-V curve of the device is shown.
Oscillations for representative points of regime II are shown in the right panel.

6 Supplementary IR camera images
IR images of a uniform device during oscillation are shown in Figure S8. Limited spatial resolution makes the

identification of the hopping channel difficult. Despite the lower spatial resolution, the temperature distribution observed
in the IR camera is in agreement with the observed changes in Raman images.

f1 f2 f3 fa
Figure S 8: Thermal camera of a uniform device with etched LCO channel during oscillations. Each image corresponds

to a peak of an oscillation. Color scale has been chosen to aid identification of different position in the conduction channel
formation.

Figure S9 shows the total IR counts during a full cycle of oscillation, highlighting the time resolution in addition to spatial
resolution.
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Figure S 9: Integrated total thermal counts in channel by frame of the FLIR thermal camera. Data obtained in a L=6
pum W=12 um device under a current bias corresponding to the oscillating NDR (Regime II).

7 Bistable devices

Detail of the bistable IR experiments are shown in Figures S10 and S11. The I-V ramp and chosen frames discussed in the
main text can be seen, as well as the analysis of the path position and probability distribution.

time (s)

Voltage (V)
(ww) usnng

Figure S 10: Voltage vs applied current (black) and applied current vs time (red) for the oscillating device shown in main
text Figure 4c. The shaded blue region corresponds to the region studied in panels d) and e) of that same figure, while
blue dots correspond to the chosen frames. Frame rate was set to 60 Hz with a spatial resolution of 10 um. Note the
device geometry and external circuit shifts the current thresholds for this specific device.
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Figure S 11: Bistable IR counts analysis. Panel a) IR thermal image of bistable device in PDR before current collapse.
Panel b) corresponds to profile extracted from white dashed rectangular region in a), simulated thermal counts from
channel (red), gaussian broadening of that signal (dashed red) and extracted screening function. Panel ¢) shows profiles
extracted for frames with conduction channels in the upper (red) and lower (green) paths shown in the images in the
bottom right. Raw data has been corrected by the screening function in b) to generated simulated IR counts from the
conductive paths (dashed green and red curves).

Using a profile extracted from Figure S11a, when the device is at PDR, we have extracted the screening of counts due to
the metal electrodes by considering a simulated real signal of a step function convoluted with a 15 pm Gaussian, due to
resolution limitations. This function is used to correct raw counts from IR images showing upper and lower conduction
paths. With this analysis, the distance between conduction channels is approximately 8 um, closer to the expected value of
5 um from simulations.

8 Volatility and memory effects

Additional results for non-volatile effects are shown. Figure S12a, b and c show a device volatility when switched in regime
II and short-term non-volatility when switched in regime III for a long period. Figure S12d and e show the effect of this
non-volatility in the bistable devices, inducing a preference for one of the two paths (panel e).
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Figure S 12: a) Volatility (top row) and semi-volatility (bottom row) comparison. Pristine 0 mA Raman map in top left image.
Top row shows volatility of regime II while bottom row shows short term plasticity after biasing at 2 mA, last image shows

the loss of this effect. b) and ¢) show the changes in IV and oscillations of a semi-permanent signature. d) and

e) correspond to thermal camera images of a bistable device during oscillations for the pristine device showing bistability

in d) and a device with a semi-permanent signature in which the conduction channel always forms in the top path.

9 Supplementary model and calculations

9.1 Model Parameters

LaAlOj; (substrate) Pd LaCoO;

o(T) (S/m) N/A 95 -10°* Exp
x(T) (W/mK) 10 71.2% *
C, (T) (J/kgK) 467* 247 *

p (g/em?) 6.52 12.01* 7.35
Relative Permittivity N/A 0* 15

Table S 1: The interlayer conductance between LCO and LAO is 800-10° (W/m?K), and LCO Molar mass is 245.836
(g/mol). * Literature sources include: [8—10]

9.1.1 Governing Equations

The law of heat conduction (Fourier’s law),
q =-KUVT

where g (W/m?) is the heat flux density and p denotes thermal conductivity W/mK). Coupling this into the electric
current system, which adds the heat source term Q,.(W/m?) to account for resistive heating in the heat equation:

oT
P CpE
The different quantities involved here are recalled below:
p: Density (kg/m?3)
C,: Specific heat capacity at constant stress (J/(kg K)

x: Thermal Conductivity (W/m K)
The resistive heating (ohmic heating) due to the electric current (W/m?) is

-V(KVT) = Q.

Qe=J'E

Where J represents the electric current density (A/m?) and E is the electric field (N/C or V/m).
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€5

3



9.1.2 Sensitivity Analysis

For the sensitivity analysis, parameters have been individually changed to obtain their effect on the conduction channel
width. Table S2 summarizes the change from LCO reference values (FWHM=3.93 pum and maximum temperature 7,,,,~410.57
K) when individually changing the model parameters.

AKF (K) OF LT O HT AO'F Krp (W/mK) Ks dF (nm) dS
(S/m) (S/m) (S/cm) (W/mK) (nm)
Parameter 500>  [1 =>2] [l >2] [1->2] [L1-26]> 10> 140> 20>
Change 250 102 103 10 [2.2-52] 20 280 40
FWHM 0.71 4.73 2.17 438 5.42 1.09 1.98 5.08
T rmax 603.85 399.81 424.23 385.32 391.22 479.68 426.17 401.53

Table S 2: Where AK is the width of the sigmoid (transition) ¢ is conductivity, « is thermal conductivity and d is
thickness. The subindex F and S correspond to film and substrate respectively. All simulations are run with the same
applied current of 2.0 mA in a W=12 L=7 pum device to reproduce our experimental results.

The results of the sensitivity analysis suggest that the substrate contribution to the conduction channel width is not the
source of the observed trend between reported VO, conduction channels and the results presented in this work. The LAO
substrate relatively low thermal conductivity. Furthermore, the substrate conductivity increase has the opposite effect.
Additionally, we have run simulations using LCO and VO, as film material and two different device configurations and
geometries, as shown in Table S3. This effort has been made to rule out external parameters not directly link to the
active material, including changes in device size and film thickness. The geometries compared (G1 and G2) use LaAlO; and
sapphire (Al,O3) as substrates, as these are commonly used in each material growth. Substrate thickness is fixed to 20 pm
for all cases. The first column of results corresponds to our experimental system. Simulations with slightly higher 1, for
the larger geometry (G2) are also shown for completeness.

Material LCO VO,
AKr (K) 500 20
or LT (S/m) 1-10? 2103
or HT (S/m) 1-10° 1-10¢
Tiur (K) 500 340
xr (W/mK) 1.1-26 36-55
xs (W/mK) 10 30
Geometry Gl G2 Gl G2
L (um) 7 20 7 20
W (um) 12 20 12 20
dr (nm) 140 100 140 100
Results LCO G1 LCO G2 VO, GI VO, G2
1,y (MA) 2 2 25 2 2 2.5
FWHM (um) 3.93 9.90 9.85 9.37 15.80 11.76
Tnax (K) 410.57  388.95 401.19 320.32  320.04 326.6

Table S 3: Role of geometry and material in simulations. /,,, is current applied, L is device length, /¥ is device width.
Tr 1s the temperature of the IMT transition.

9.2 Strain components

The thermal (¢=a(T -T,.r), where a is the coefficient of thermal expansion) and elastic (¢.) strain components for the
LCO film have been calculated using the LCO thermal expansion and elasticity matrix.
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Figure S 13: Panels a) and b) are steady state temperature and strain distributions in a L=5 W=15 LCO device like the one

shown in Figure 4 main text. Panel c) shows thermal and elastic strain tensor components along the white dotted line cuts
in a) and b).

Panels a, b and ¢ show simulated temperature and strain distributions during active static conduction channel in a LCO
device. Extracting profiles perpendicular to the current flow in the center of the channel, similarly to the experimental
measurements, we can observe how the very sharp concentration of high temperature (dotted orange line in the left graph
of panel c) is accompanied by localized strain, both thermal and elastic strain components show distributions centered in
the metallic hot region. Interestingly, in plane components of thermal strain show a small degree of compressive strain in
the boundaries of the conduction channel, while being highly tensile in the center both in plane and out of plane. Elastic
strain is also considered, being tensile out of plane and compressive in plane. In part, large strain gradients may explain

the non-temperature effects observed in Raman spectra, where A4,, shifts and increases in signal appear at the edges of the
conduction channel.
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Figure S 14: Extracted Raman profiles at different positions for a semi-volatile signature.

References

Ig, Kumar, M. D. Pickett, J. P. Strachan, G. Gibson, Y. Nishi, and R. S. Williams, “Local temperature redistribution and

structural transition during joule-heating-driven conductance switching in VO,”, 10.1002/adma.201302046(2013) 10.
1002/adma.201302046.

23. del Valle, N. M. Vargas, R. Rocco, et al., “Spatiotemporal characterization of the field-induced insulator-to-metal tran-
sition”, Science 373, 907-911 (2021) 10.1126/science.abd9088.

3c. Feng, B.-W. Li, Y. Dong, et al., “Quantum imaging of the reconfigurable VO, synaptic electronics for neuromorphic
computing”, Science Advances 9, eadg9376 (2023) 10.1126/sciadv.adg9376.

4. Kisiel, P. Salev, I. Poudyal, et al., “High-resolution full-field structural microscopy of the voltage-induced filament for-
mation in VO,-based neuromorphic devices”, ACS nano 19, 15385-15394 (2025) 10.1021/acsnano.4c14696.

SM. Lange, S. Guénon, Y. Kalcheim, et al., “Imaging of Electrothermal Filament Formation in a Mott Insulator”, Physical
Review Applied 16, 054027, 054027 (2021) 10.1103/PhysRevApplied.16.054027.

6s. Guénon, S. Scharinger, S. Wang, et al., “Electrical breakdown in a V,0; device at the insulator-to-metal transition”,
Europhysics Letters 101, 57003 (2013) 10.1209/0295-5075/101/57003.

c. Adda, M.-H. Lee, Y. Kalcheim, et al., “Direct observation of the electrically triggered insulator-metal transition in
v305 far below the transition temperature”, Physical Review X 12, 011025 (2022) 10.1103/PhysRevX.12.011025.

10



8y. Zhang, W. M. Postiglione, R. Xie, et al., “Wide-range continuous tuning of the thermal conductivity of 1a0.5sr0.5c003-
films via room-temperature ion-gel gating”, Nature Communications 14, 2626 (2023) 10.1038/s41467-023-38312-z.

9G.-J. Shu, P.-C. Wu, and F. C. Chou, “The spin—orbit—phonon coupling and crystalline elasticity of LaCoO3 perovskite”,
RSC Advances 10, 4311743128 (2020) 10.1039/DORA096751J.

10p ¢, Michael, J. U. Trefny, and B. Yarar, “Thermal transport properties of single crystal lanthanum aluminate”,
Journal of Applied Physics 72, 107-109 (1992) 10.1063/1.352166.

11



