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Abstract

The metal-insulator transition (MIT) in vanadium dioxide (VO,) represents a canonical correlated
electron system where electronic correlations and structural distortions operate cooperatively. We
present an experimental methodology to deconvolute electronic and thermal switching pathways
using temperature-dependent pulsed current-voltage measurements that minimize self-heating effects.
The switching landscape decomposes into electronic branches (weak temperature dependence and
thermal branches (parabolic dependence, Joule heating). The identified electronic branches enable
applications in neuromorphic memories and high-frequency oscillators. This work provides direct
experimental evidence for simultaneous operation of both mechanisms, establishing a quantitative
framework for voltage-driven phase transitions in correlated oxides.

Keywords: Metal-insulator transition; Vanadium dioxide; Strongly correlated systems.

Resumen

La transicion metal-aislante (MIT) en el diéxido de vanadio (VO,) representa un sistema candnico
de electrones correlacionados donde correlaciones electronicas y distorsiones estructurales operan
cooperativamente. Presentamos una metodologia experimental para deconvolucionar las vias de
conmutacion electronica y térmica mediante mediciones pulsadas corriente-voltaje dependientes de
temperatura, minimizando efectos de auto-calentamiento. El espectro de conmutacion se descompone
en ramas electronicas (débil dependencia térmica y ramas térmicas (dependencia parabolica,
calentamiento Joule). Las ramas electronicas identificadas permiten aplicaciones en memorias
neuromorficas y osciladores de alta frecuencia. Este trabajo proporciona evidencia experimental
directa de la operacion simultanea de ambos mecanismos, estableciendo un marco cuantitativo para
transiciones de fase impulsadas por voltaje en 6xidos correlacionados.

Palabras clave: Transicion metal-aislante; Didoxido de vanadio; Sistemas fuertemente correlacionados.

Introduction

The metal-insulator transition in vanadium dioxide has evolved from a contentious
”Mott versus Peierls” debate into sophisticated understanding of orbital-selective hybrid
mechanisms where electron correlations and structural distortions operate cooperatively
(Kim, Kang, Mun, et al., 2022; Pouget, Launois, D’Haenens, Merenda, & Rice, 1975;
Tomeczak & Biermann, 2012). Modern theoretical and experimental work has established
that VO, undergoes a correlation-assisted Peierls transition, where a, 2 orbitals exhibit a
correlation-enhanced Peierls transition while e”g orbitals undergo a Mott transition with
orbital ordering (Kim et al., 2022). This orbital selectivity explains why previous single-
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mechanism theories failed to capture the full complexity of the transition and highlights
the intrinsically coupled nature of electronic and structural degrees of freedom (Wall et al.,
2018; Sood et al., 2021).

In electrically-driven devices, these fundamental mechanisms manifest as distinct switch-
ing pathways that have proven challenging to separate experimentally. Electronic mecha-
nisms are characterized by weak temperature dependence and dominate when electric fields
directly modify orbital occupancy or trigger carrier injection effects, typically manifest-
ing at ultrafast timescales (sub-nanosecond) (O’Callahan et al., 2015; Markov, Appavoo,
Haglund, & Sil, 2015; Morrison et al., 2014). Thermal mechanisms exhibit strong tem-
perature dependence and become prominent through Joule heating effects, particularly at
longer timescales and in steady-state operation where power dissipation drives local heat-
ing (Murtagh et al., 2020; Zimmers et al., 2013; Li et al., 2016). The central challenge
has been to experimentally deconvolute these contributions during device operation, as both
mechanisms can produce similar macroscopic switching behavior despite their fundamen-
tally different physical origins.

Systematic studies comparing different vanadium oxides have revealed that the relative con-
tribution of electronic versus thermal mechanisms depends critically on material resistivity,
device geometry, and thermal coupling to the environment (Valmianski et al., 2018). In
nanoscale devices, thermal effects become suppressed due to enhanced thermal coupling,
allowing purely electronic contributions to emerge more prominently. Recent work has fur-
ther clarified this picture by showing that the switching mechanism can cross over from
purely thermal to non-thermal depending on the sample’s defect density, with field-assisted
carrier generation from defect states enabling the non-thermal pathway (Kalcheim et al.,
2020). However, beyond extrinsic defect-mediated processes, intrinsic field effects may
also arise directly from the Mott component of the MIT itself. These intrinsic mechanisms
involve field-induced band modification and orbital occupancy changes that can trigger the
transition independent of defect-mediated processes, reflecting the fundamental correlation-
driven nature of the electronic switching pathway that becomes accessible when thermal
contributions are minimized.

Understanding this interplay is crucial not only for fundamental physics but also for tech-
nological applications. Smart windows exploit electronic mechanisms for rapid optical
switching (Yang et al., 2019), while memory devices utilize thermal mechanisms for sta-
ble state retention (Zhou & Ramanathan, 2016). The ability to control and separate these
mechanisms opens pathways for engineering devices with tailored responses, from ultra-
fast switches to adaptive memory elements for neuromorphic computing architectures (del
Valle, Ramirez, Rozenberg, & Schuller, 2018).

Previous studies have identified signatures of both thermal and electronic contributions
(Valmianski et al., 2018; Rathi et al., 2015; Pésa et al., 2023), but a clear experimen-
tal method to separate and map their respective influences has been lacking. Theoretical
work suggests that resistance changes spanning 4-5 orders of magnitude result from the in-
terplay of both mechanisms, with switching requiring current densities of 10°-10® A/cm?
and threshold voltages of 1-3 V for microscale devices (Kumar et al., 2014).

Here, we introduce a comprehensive experimental methodology that uses temperature-
dependent pulsed current-voltage measurements to deconvolute and characterize the co-
existing thermal and electronic switching mechanisms in VO, devices. We demonstrate
that the complex switching landscape can be decomposed into distinct branches, each with
unique temperature dependence revealing its physical origin. Our results provide direct
experimental validation for the cooperative nature of the MIT and establish a quantitative
framework for understanding electrically-driven phase transitions in correlated oxides.
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Methods

Device Fabrication

Vanadium oxide thin films (90 nm thick) were prepared by reactive RF magnetron sputtering
of a vanadium target onto r-cut sapphire substrates. The deposition was performed in a high
vacuum system (base pressure < 5x 10~8 Torr) with an Ar/O, gas mixture at a total pressure
of 3x 1073 Torr and an oxygen partial pressure of 1.5x10~* Torr. The substrate was held
at 500°C during deposition. These films were verified to be single-phase VO, via X-ray
diffraction, exhibiting the characteristic MIT around 340 K (Sharoni et al., 2008).

Microscale two-terminal devices were fabricated using standard e-beam lithography and
lift-off techniques. Metallic electrodes consisting of a 50 nm vanadium adhesion layer
and a 100 nm gold layer were deposited by sputtering. This process defined devices with
channel lengths ranging from sub-micron to 10 yum. The final device geometry was defined

by etching the surrounding VO, in argon plasma, leaving an isolated square of VO, under
the electrodes.

Electrical Characterization

Current-voltage (I-V) characteristics were measured using a pulsed current-reversal method
to minimize self-heating during data acquisition, enabling clearer distinction of non-thermal
effects. For each device, comprehensive [-V curves were recorded at numerous stabilized
ambient temperatures (7;), close to 200, spanning from below to well above the intrinsic
Twvit of VO,. Pulse measurements were performed to characterize the volatile switching
dynamics, with particular attention to the temporal evolution that reveals the interplay be-
tween electronic and thermal mechanisms (Kumar et al., 2014; Joushaghani et al., 2014).
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Figure 1. Scale-dependent evolution of current-voltage characteristics in VO, devices at
room temperature. I-V measurements at T = 300K showing the transition from bulk to
discrete switching behavior: (a) macroscopic sample (film) displaying smooth, continuous
MIT characteristic of ensemble behavior; (b) 100 um device exhibiting negative
differential resistance (NDR) indicating transition region; (c) 10 um device showing
discrete voltage jumps that reveal individual switching mechanisms on top of NDR.

Results

Scale-Dependent Emergence of Discrete Switching Events

We first examine how geometric confinement affects the manifestation of different switch-
ing mechanisms. Figure 1 shows [-V measurements at room temperature for devices of
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varying sizes. The macroscopic sample (Fig. 1a) exhibits smooth, continuous behavior con-
sistent with ensemble averaging over multiple domains (Ramirez, Sharoni, Dubi, Gomez,
& Schuller, 2009), where individual switching mechanisms cannot be resolved. As device
length reduces to 100 um (Fig. 1b), negative differential resistance (NDR) emerges, indi-
cating the onset of current-controlled switching dynamics characteristic of MIT materials
(Sharoni, Ramirez, & Schuller, 2008).

Upon further miniaturization to 10 um (Fig. 1c), the I-V characteristic transforms dramat-
ically, displaying multiple sharp, discrete voltage jumps. These discrete events represent
the emergence of distinct switching branches—clear evidence that multiple mechanisms
with different characteristics operate simultaneously within the same device. The discrete
switching events we observe are characteristic of devices in the 1-10 um range, where in-
dividual domain switching can be resolved while maintaining sufficient current uniformity.
In smaller devices (~100 nm), switching often occurs as a single jump due to the device di-
mensions approaching the typical VO, domain size (Budai et al., 2014; Fan et al., 2016),
resulting in avalanche-like transitions. This evolution from continuous to discrete switch-
ing behavior demonstrates that our intermediate size range provides the optimal window
for mechanism deconvolution by balancing domain resolution with measurement repro-
ducibility, while device miniaturization enables resolution of individual switching pathways
that coexist but are averaged out in larger geometries (Zhong, Zhang, Gupta, & LeClair,
2011).

Temperature-Dependent Switching Branch Identification

To deconvolute the nature of the different switching mechanisms, we performed compre-
hensive temperature-dependent measurements across the transition region. Figure 2a shows
I-V curves measured across temperatures from 294 K to 335 K, spanning the bulk MIT tem-
perature of VO,. The systematic evolution with temperature provides crucial information
about the underlying physics: if all switching events were driven by the same mechanism,
they would exhibit uniform temperature dependencies.

Instead, we observe complex, non-uniform changes that suggest multiple mechanisms re-
sponding differently to thermal activation. Figure 2b provides magnified views of the dis-
crete voltage jumps and their varied temperature evolution. Importantly, different jumps
exhibit markedly different responses to temperature changes—some shift significantly with
temperature while others remain relatively stable, providing direct evidence for the coexis-
tence of distinct physical mechanisms.

By calculating the numerical derivative dV/dI (Fig. 2¢), we precisely locate switching events
and generate the comprehensive map shown in Figure 2d. This analysis reveals well-defined
switching branches (A0, Al, A2, A3), each representing a distinct pathway with its own
characteristic temperature dependence. The structured nature of this map demonstrates that
the apparent complexity of VO, switching arises from the superposition of multiple, indi-
vidually well-behaved mechanisms rather than from chaotic or random processes.

The systematic appearance of well-defined branches across all device geometries (Figs. 2,
3), each showing characteristic temperature dependencies reproducible over >50 I-V
sweeps per device, confirms that these represent intrinsic VO, mechanisms rather than
device-specific artifacts. Bulk characterization via XRD and transport verified that all films
exhibit the canonical MIT at Tyt ~ 340 K, validating intrinsic material properties.

Quantitative Deconvolution of Electronic and Thermal Mechanisms

The switching branch map enables clear deconvolution of the coexisting mechanisms based
on their fundamental temperature dependencies, providing direct experimental access to the
orbital-selective transition picture proposed by recent theoretical work (Kim et al., 2022;
Budai et al., 2014).
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Figure 2. Temperature-dependent switching mechanism identification. (a) Complete I-V
curves across temperature range showing systematic evolution of switching thresholds. (b)
Magnified view revealing differential temperature-dependent dynamics of voltage jumps.
(c) dV/dI derivative analysis for precise switching event identification. (d) Switching mech-
anism map revealing distinct branches (AO, A1, A2, A3) corresponding to different physical
pathways, establishing the experimental foundation for mechanism deconvolution. Z1, Z2
and Z3 regions in d identify temperature ranges at which a mix of thermal and non-thermal
branches appear (Z1), strong thermal branches (Z2) and no branches at al (Z3) appears

Electronic-Dominated Branches: Branches A0 and A1 are identified as electronic-dominated
due to their weak temperature dependence, maintaining relatively constant critical currents
across the measured temperature range. This behavior is the hallmark of a non-thermal
switching mechanism. One compelling explanation, recently demonstrated in VO, is field-
assisted carrier generation from in-gap defect states, which triggers a doping-driven MIT far
below the thermal transition temperature (Kalcheim et al., 2020). This interpretation is sup-
ported by studies on identically-fabricated samples characterizing disorder effects (Ramirez
et al., 2015), oxygen vacancy states (Dietze et al., 2014), thermal heating’s role (Zimmers et
al., 2013), and ultrafast dynamics (Wang et al., 2017).

Other field-assisted m echanisms have also been proposed, including intrinsic Zener-type
breakdown across the Mott gap (Oka, Arita, & Aoki, 2003; Stefanovich, Pergament, &
Stefanovich, 2000) and direct field-induced destabilization of the correlated insulating state
(Stoliar et al., 2013). While our results do not exclude these other possibilities, the specific
temperature and geometric dependencies observed in our devices are particularly well-described
by the defect-mediated carrier generation model.

For instance, this mechanism is consistent with the observed geometric scaling. The criti-
cal electric field required for carrier emission from defects, E. elec, is an intrinsic property.
Given that the critical voltage scales with length (V. = E.L) and the device resistance also
scales approximately with length (R o< L), the resulting critical current (I, = V,./R) is ex-

pected to be largely independent of device size, in agreement with our findings for these
branches.
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Figure 3. Geometric scaling of switching mechanism landscapes. Switching maps for de-
vices of length (a) 1 um, (b) 3 um, (c) 5 um, and (d) 10 um. Smaller devices exhibit more
numerous discrete switching branches, enabling enhanced resolution of individual mecha-
nisms through reduced ensemble averaging effects. The reproducibility of branch patterns
across geometries confirms intrinsic switching mechanisms.

Thermal-Dominated Branches: Branches A2 and A3 display strong, systematic temper-
ature dependence, which is the hallmark of Joule heating-driven processes. As shown in
Fig. 4, these branches follow a parabolic relationship where the critical power required
for switching (P. = I>R) decreases linearly as the ambient temperature (7,) approaches the
transition temperature (Tyt). This behavior, well-described by 13 o< (Tvir — Ta), is charac-
teristic of processes where the applied current must heat a localized region of the device to a
critical temperature, corresponding to the thermal (Peierls-like) component of the MIT. The
geometric scaling of the critical current for these thermal branches reveals a more complex

picture involving competing heat dissipation pathways, which is analyzed in detail in the
following section.

The coexistence of these different branch types within a single device provides direct ex-
perimental validation for theoretical predictions of orbital-selective mechanisms operating
simultaneously (Tomczak & Biermann, 2012; Fan et al., 2016). Our methodology pro-
vides a robust and quantitative visualization of this fundamental coexistence, building on
previous work that distinguished between thermal and non-thermal pathways. By mapping
the critical switching currents across a wide parameter space, we can clearly separate and
analyze the distinct branches corresponding to each mechanism.

Geometric Scaling and Mechanism Validation

Figure 3 presents switching maps for devices with L = 1, 3, 5, and 10 um, revealing how the
relative prominence of different mechanisms varies with device geometry. Smaller devices
(1-3 um) exhibit richer structure with numerous well-resolved branches, consistent with re-
duced ensemble averaging and enhanced sensitivity to individual mechanism contributions
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(Manca, Kanki, Tanaka, Marre, & Pellegrino, 2015; Radu et al., 2015). Importantly, all
device sizes show evidence of both thermal and electronic branches, confirming that both
mechanisms are intrinsic to VO, switching behavior.

Further validation of the thermal mechanism is obtained from a quantitative analysis of the
geometric scaling of the critical current, I.. Figure 5 plots the critical current at 320 K,
extracted from the primary thermal branches of the devices shown in Fig. 3 (blue circles);
the error bars are estimated from the current range of each switching branch.

The data reveals that the dependence of /. on device length L does not follow a simple power
law. Specifically, the critical current decreases more slowly with increasing L than predicted
by a model considering only 1D heat dissipation to the contacts (I. o< L™!, black line). This
deviation indicates the presence of a competing, length-independent heat loss mechanism,
which we attribute to conduction into the substrate.

Consequently, the experimental data is well-described by a composite model that accounts
for these two parallel dissipation channels, as detailed in the Appendix. The model, given
by I.(L) = Cp 4 C1 /L, combines a constant term Cy for substrate loss (I, o< L% with a term
C1/L for contact loss (I. o< L™'). The agreement between this model and the data provides
confirmation of the thermal nature of these switching branches. While our analytical model
captures the general physics of the geometric scaling, a more detailed numerical treatment
could provide further refinement. For instance, resistor network models that explicitly in-
clude inter-domain thermal coupling during phase coexistence have successfully described
complex switching phenomena in similar devices (Guénon et al., 2013).

Temporal Dynamics and Volatile Switching Characteristics

Similarly as in the IV measurements, we employed the delta current-reversal technique to
characterize the dynamics of the switching events shown in Fig. 2. Following the initial
pulsed I-V characterization to identify switching thresholds, we selected specific current
values to apply controlled pulse trains and captured the real-time voltage response using an
oscilloscope with microsecond temporal resolution.
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Figure 4. Quantitative validation of dual switching mechanisms. Experimental data (sym-
bols) fitted with theoretical models (lines). Electronic-dominated branches (A0, A1) show
weak temperature dependence consistent with field-driven mechanisms. Thermal branches
(A2, A3) exhibit a pure parabolic dependence (13 o< (Tyr — Ty,)) characteristic of Joule heat-
ing processes. Excellent agreement validates the mechanism deconvolution approach.
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The temporal dynamics of the switching process are shown in Fig. 6 for a 1 um device. The
pulsed I-V characteristic in Fig. 6(a) displays negligible hysteresis, indicating that cumula-
tive heating effects are minimized. Below the switching threshold (at 0.50 and 1.50 mA), the
voltage response is linear and resistor-like (Fig. 6b). In contrast, when the current exceeds
the threshold (at 3.70 and 6.00 mA), the device response changes dramatically. The onset
of the current pulse induces a large, transient voltage spike that quickly relaxes to a stable,
low-resistance metallic state, as shown in Fig. 6¢c-e. This behavior reflects the complex,
non-equilibrium process of metallic filament nucleation, which is governed by the inter-
play between fast electronic switching and slower, microsecond-scale thermal equilibration
(Grandi et al., 2020).

The recovery after current removal reveals a two-stage relaxation process. A rapid voltage
drop within tens of microseconds indicates an avalanche-like collapse of the percolative
metallic network, followed by a slower exponential decay on the order of hundreds of mi-
croseconds, reflecting thermal dissipation and structural relaxation back to the insulating
phase (for instance, refer to Fig. 6d at 260 us).

Discussion

Our experimental deconvolution of switching mechanisms provides direct support for the
modern understanding of the VO, MIT as a cooperative phenomenon. The traditional pic-
ture of competing thermal versus electronic mechanisms is revealed as an oversimplifica-
tion. Instead, our results visualize a landscape where both mechanisms coexist and operate
simultaneously.

The temperature-independent branches represent the electronic (Mott-like) aspect of the
transition (Kim et al., 2022; Qazilbash et al., 2007), aligning with ultrafast studies showing
sub-picosecond electronic switching that precedes structural changes (Wall et al., 2018;
Pashkin et al., 2011). The parabolic thermal branches represent the structural (Peierls-like)
aspect, where Joule heating provides the energy for lattice distortion (Budai et al., 2014;
Cocker et al., 2012).
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Figure 5. The critical current (/) for the thermal branches is plotted as a function of device
length (L) at T = 320 K. The data is fit to a composite thermal model (red line), Eq. 13,
that accounts for two competing heat dissipation pathways: (1) a length-independent con-
tribution from heat loss to the substrate (I, o< L°, green line), and (2) a length-dependent
contribution from 1D heat conduction to the contacts (I. o< L™!, black line). See Appendix
for details on the model.
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The distinct temperature dependencies we observe likely reflect different stages and types of
switching events. The temperature-independent electronic branches (A0, A1) are consistent
with a non-thermal switching mechanism driven by field-assisted carrier generation from in-
gap defect states, as recently demonstrated in VO, nanowires (Kalcheim et al., 2020). In
this scenario, the electric field lowers the energy barrier for exciting trapped carriers, leading
to a doping-driven destabilization of the insulating state that occurs far below the thermal
Tyr- This mechanism provides a clear physical basis for the weak temperature dependence
we observe. Furthermore, the existence of multiple, distinct electronic branches in our data
(A0, A1) can be interpreted as the activation of different families of defect sites, each with
a unique threshold field for carrier emission, or avalanche-like percolation processes.

In contrast, the thermal branches (A2, A3) represent the subsequent, more global switching
of the device, where Joule heating provides the energy for lattice distortion and V-V dimer
formation, consistent with the classic Peierls-like aspect of the transition (Budai et al.,
2014; Cocker et al., 2012). Our work thus visualizes the coexistence of these non-thermal
nucleation events and subsequent thermally-driven domain expansion within a single de-
vice.

This study connects the fundamental physics of MITs with a practical characterization
methodology. The technique operates under realistic device conditions, provides quantita-
tive separation of mechanisms, and scales across different device geometries. This approach
could be extended to other correlated oxides where similar mechanism competition exists,
such as V,03, NbO,, and the nickelate family (del Valle et al., 2018).

It is important to note our temporal resolution (~ tts) cannot distinguish ultrafast processes
(fs-ps Mott dynamics vs. ns thermal effects), though prior pump-probe studies on identical
samples (Wang et al., 2017) showed thermal effects at ps-ns and Mott processes at fs
timescales. The electronic branches may include contributions from defect-mediated car-
rier injection (Dietze et al., 2014; Ramirez et al., 2015) in addition to intrinsic field effects.
However, the systematic geometric scaling supports significant intrinsic contributions. The
fundamental role of thermal heating established previously (Zimmers et al., 2013) moti-
vates our pulsed approach to isolate non-thermal pathways.
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Figure 6. Temporal dynamics revealing electronic-thermal mechanism interplay. (a) I-V
characteristic showing discrete switching levels. (b-e) Time-dependent voltage response to
current pulses at different levels (0.50, 1.50, 3.70, and 6.00 mA). Transient voltage spikes at
higher currents reveal the complex interplay between rapid electronic switching and slower
thermal processes during domain formation and relaxation.
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From a practical standpoint, the ability to identify and control specific s witching path-
ways enables rational device design. Electronic branches provide fast, temperature-stable
switching suitable for high-speed applications, while thermal branches offer slower, history-
dependent dynamics useful for adaptive memory elements. Similar controls have also
been reported (Del Valle, Ramirez, Rozenberg, & Schuller, 2019) in VO,, validating
our method. Furthermore, the geometric scaling analysis, revealing a crossover from an
L~ dependence for short devices to a length-independent behavior for long devices, pro-
vides a more sophisticated design rule for predicting and controlling power consumption
in thermally-activated devices, while the size-independent electronic branches offer scaling
advantages for high-density applications.

Conclusion

We have developed and demonstrated a comprehensive temperature-dependent methodol-
ogy that successfully deconvolutes the coexisting thermal and electronic switching mecha-
nisms in VO, devices. Our results provide direct experimental evidence for the cooperative
nature of the metal-insulator transition, showing that the complex switching landscape rep-
resents a superposition of distinct, well-defined e lectronic ( athermal) and thermal (Joule
heating-driven) branches.

This work provides a powerful framework for interpreting the cooperative nature of the
VO, MIT. The thermal branches, driven by Joule heating, can be clearly associated with the
structural (Peierls-like) aspects of the transition. The electronic branches, while definitively
non-thermal, could originate from several field-driven phenomena, including intrinsic ef-
fects on the correlated electron system or extrinsic, defect-mediated processes. While our
methodology cannot distinguish between these microscopic origins, it provides the essential
experimental separation needed to test and refine theories that connect these macroscopic
pathways to the underlying Mott and Peierls physics. It thus offers a new tool to probe the
interplay between electronic and structural degrees of freedom in correlated systems.

Our findings demonstrate that the rich dynamics of VO, switching results from the inter-
action between different physical mechanisms. The de-convolution of the switching land-
scape into separate electronic and thermal branches provides a clear map of these path-
ways. Furthermore, the temporal dynamics reveal their real-time cooperation, showing
fast, avalanche-like electronic nucleation events followed by slower thermal relaxation pro-
cesses. This understanding allows for opportunities for device design that can harness the
full cooperative nature of the metal-insulator transition.
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Appendix

Thermal Scaling Models for Joule Heating

The geometric scaling of the critical current (/) for thermally driven switching can be un-
derstood by analyzing the steady-state solutions to the general heat diffusion equation:
oT J’p

— =aV’T+

5 m*k(T*TO)’ (D

where T is the local temperature, 7 is time, « is the thermal diffusivity, J is the current den-
sity, p is the electrical resistivity, Pmass is the mass density, C, is the specific heat capacity,
k is an effective heat transfer coefficient representing loss to the substrate, and 7j is the
ambient substrate temperature.

In steady state (07 /dt = 0), this equation describes the balance between heat generation
(Joule heating) and heat dissipation. The following models explore two primary, competing
heat dissipation channels derived as limiting cases of this equation.

Model 1: 1D Heat Conduction to Contacts

This model assumes that the primary mechanism for heat removal is conduction along the
length of the conductive filament to the large metallic electrodes, which act as heat sinks at
the ambient temperature (7). This pathway is most dominant in short devices or those on
thermally insulating substrates.

In steady state, the total power generated by Joule heating (P,.,) must equal the power
removed by thermal conduction (P,,,;). The generated power is given by:

pL
Poen =I’R= IZ.A— )
eff
where R is the resistance of the filament, p is its resistivity, L is its length, and A, sy is its
effective cross-sectional area.

The heat conducted away is governed by the temperature difference between the filament’s
center (at the transition temperature, Tjs;7) and the contacts (at 7;), and the thermal resis-

tance of the filament (R;;):
Tyr — 1o

Peona = T (3)
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For 1D conduction along the filament, the thermal resistance is:

L
KA eff

Rth

“

where x is the thermal conductivity of the filament material.

By equating the generated and conducted power at the critical threshold (Pye,, = Peona), We
can solve for the critical current /,.:
2 PL_ Tir —To
“Acrr L/ (KAesy)

&)

Rearranging for I? yields:
2= KAgff(TMIT — 1) i (6)
c 2
p L
This leads to a scaling relationship where the critical current is inversely proportional to the
device length:

1 N
chz or LocL7! 7

Model 2: Heat Conduction to Substrate

This model assumes that the dominant heat dissipation pathway is perpendicular to the
current flow, down into the thermally conductive substrate. This mechanism becomes in-
creasingly important for longer devices where the thermal resistance to the contacts is high.

Here, we consider the heat balance per unit length of the filament. The heat generated per
unit length (pge;) is:
R
Pgen = ICZZ = ICZAfff
This heat is lost to the substrate with a thermal resistance per unit length, r,;,. The value of
1y, depends on the geometry of the interface and the thermal properties of the substrate, but
it is independent of the device length L. The heat lost per unit length (p;,ss) is:

®)

Tyir — T
Ploss = - (9)
Tth

Equating the heat generation and loss per unit length at the threshold (pgen = Pioss):

P _ Tt — T,

¢ Aeff Tth ( )
Solving for I? gives:
A Ty — 1

PTih
Since all terms on the right-hand side of this equation are independent of the device length
L, this model predicts that the critical current is also independent of length:

I, o< I° (12)

Combined Model for Competing Pathways

In a realistic device, both heat dissipation pathways operate in parallel. The total heat loss
is the sum of the loss to the contacts and the loss to the substrate. The observed scaling
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behavior can be understood as a crossover between these two regimes. A composite model
can be constructed by summing the contributions of the two mechanisms. The total critical
current can be modeled as:

G
I.(L) = Lupsirate + Letectrode (L) = Co + — (13)

L
where Cj is a constant representing the length-independent contribution from substrate heat
loss, and C; /L represents the length-dependent contribution from heat loss to the electrodes.
This combined model accurately describes the experimental data across all measured device
lengths, capturing the transition from a regime dominated by conduction to the contacts (for
short L) to one dominated by conduction to the substrate (for long L).
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