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Abstract

Transition metal oxides exhibit a close coupling between electronic,
structural, thermal, and lattice degrees of freedom. This coupling
gives rise to emergent phenomena such as metal�insulator transitions,
phase coexistence, nonlinear transport, �lament formation, and domain-
mediated heat transport. Owing to these properties, materials such as
V2O3, NdNiO3, VO2, and SrTiO3 are promising platforms for future
oxide electronics, neuromorphic devices, and energy-e�cient information
technologies.
This thesis investigates these phenomena by combining electrical trans-

port measurements with spatially resolved optical microscopy. The central
experimental approach is based on a multifunctional optical microscope
that enables real-time imaging of devices during thermal, electrical or op-
tical excitation. This method provides direct access to microscopic phase
textures, metallic �lament formation, and ferroelastic domain structures,
allowing macroscopic transport behavior to be linked to the underlying
spatial dynamics.
Using V2O3 as a model Mott insulator, local laser excitation is applied

to perturb the �rst-order Mott metal�insulator transition. Optical imag-
ing reveals that irradiation modi�es the balance between metallic and in-
sulating phases, reduces the hysteresis, and relaxes thermal history e�ects.
In NdNiO3 thin-�lm devices, electrothermal resistive switching is investi-
gated. Joule heating drives the formation of metallic �laments, which are
stabilized by the hysteresis of the transition and enable nonvolatile multi-
state resistance states. These states remain stable at constant temperature
and can be reset by thermal cycling.
The thesis further explores phonon transport in SrTiO3, where the for-

mation of ferroelastic domain walls below the structural phase transition
temperature of approximately 105 K modi�es the heat �ow in the hydro-
dynamic regime. Optical imaging shows sample-size dependent domain-
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wall structures that act as intrinsic scattering centers and suppress the
expected enhancement of hydrodynamic phonon transport. Finally, mul-
titerminal VO2 devices are investigated as electrothermal memristive sys-
tems. Simultaneous optical and electrical measurements reveal history-
dependent metallic �lament con�gurations that can be controlled by ter-
minal biasing.
Together, these results demonstrate the importance of spatially resolved

measurements for understanding functional behavior in transition metal
oxides. By directly connecting microscopic phase and domain structures
to macroscopic transport properties, this thesis provides insight into op-
tical control of metastability, electrothermal switching, and domain-wall-
mediated heat transport. The �ndings highlight transition metal oxides
as versatile materials for future electronic, neuromorphic, and thermal
technologies.
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Kurzfassung

Übergangsmetalloxide zeichnen sich durch eine enge Kopplung zwischen
elektronischen, strukturellen, thermischen und Gitter-Freiheitsgraden
aus. Diese Kopplung führt zu emergenten Phänomenen wie Metall�
Isolator-Übergängen, Phasenkoexistenz, nichtlinearem Transport,
Filamentbildung und domänenvermitteltem Wärmetransport. Aufgrund
dieser Eigenschaften sind Materialien wie V2O3, NdNiO3, VO2 und
SrTiO3 vielversprechende Plattformen für eine zukünftige Oxidelektronik,
neuromorphe Bauelemente und energiee�ziente Informationstechnolo-
gien.
Diese Arbeit untersucht diese Phänomene durch die Kombination elek-

trischer Transportmessungen mit ortsaufgelöster optischer Mikroskopie.
Der zentrale experimentelle Ansatz basiert auf einem multifunktionalen
optischen Mikroskop, das die Echtzeit-Abbildung von Bauelementen
während elektrischer oder optischer Anregung ermöglicht. Diese Methode
erlaubt einen direkten Zugang zu mikroskopischen Phasenstrukturen,
metallischer Filamentbildung und ferroelastischen Domänenstrukturen
und ermöglicht es, das makroskopische Transportverhalten mit den
zugrunde liegenden räumlichen Dynamiken zu verknüpfen.
Unter Verwendung von V2O3 als Modell-Mott-Isolator wird lokale

Laseranregung eingesetzt, um den Mott-Metall�Isolator-Übergang er-
ster Ordnung gezielt zu beein�ussen. Optische Abbildungen zeigen,
dass die Bestrahlung das Gleichgewicht zwischen metallischen und
isolierenden Phasen verändert, die Hysterese reduziert und thermische
Vorgeschichtse�ekte abschwächt. In NdNiO3-Dünnschichtbauelementen
wird elektrothermisches resistives Schalten untersucht. Joule-Heizung
führt zur Bildung metallischer Filamente, die durch die Hysterese des
Übergangs stabilisiert werden und nicht�üchtige multistabile Wider-
standszustände ermöglichen. Diese Zustände bleiben bei konstanter
Temperatur stabil und können durch thermisches Zyklen zurückgesetzt
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werden.
Darüber hinaus untersucht diese Arbeit den Phononentransport

in SrTiO3, wobei ferroelastische Domänenwände, die unterhalb der
strukturellen Übergangstemperatur von etwa 105 K entstehen, den
Wärmetransport im hydrodynamischen Regime verändern. Optische
Abbildungen zeigen von der Probengröÿe abhängige Domänenwand-
strukturen, die als intrinsische Streuzentren wirken und die erwartete
Verstärkung des hydrodynamischen Phononentransports unterdrücken.
Abschlieÿend werden multiterminale VO2-Bauelemente als elektrothermis-
che memristive Systeme untersucht. Simultane optische und elektrische
Messungen zeigen von der Vorgeschichte abhängige metallische Filamen-
tkon�gurationen, die durch die angelegte Spannung an verschiedenen
Kontakten kontrolliert werden können.
Zusammenfassend zeigen diese Ergebnisse die Bedeutung orts-

aufgelöster Messmethoden für das Verständnis funktioneller Eigen-
schaften in stark korrelierten Oxiden. Durch die direkte Verknüpfung
mikroskopischer Phasen- und Domänenstrukturen mit makroskopischen
Transporteigenschaften liefert diese Arbeit Einblicke in die optische
Kontrolle von Metastabilität, elektrothermischem Schalten und domä-
nenwandvermittelten Wärmetransport. Die Ergebnisse unterstreichen
das Potenzial von Übergangsmetalloxiden als vielseitige Materialien für
zukünftige elektronische, neuromorphe und thermische Technologien.
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1 Introduction

The remarkable progress of modern electronics over the past decades
has been largely driven by the continuous miniaturization of semiconduc-
tor devices, commonly referred to as Moore's law1,2. This scaling has
enabled signi�cant improvements in computational performance, integra-
tion density, and energy e�ciency. Within complementary metal�oxide�
semiconductor (CMOS) technology, it was historically supported by Den-
nard scaling, where proportional voltage reduction ensured approximately
constant power density3.
As device dimensions approach the nanometer scale, however, this

paradigm faces fundamental physical limitations. Quantum mechanical
e�ects, such as direct tunneling through ultrathin gate dielectrics and
source�drain tunneling, lead to increased leakage currents and degrade the
distinction between ON and OFF states required for reliable switching4�7.
Additionally, atomic-scale disorder and discrete dopant �uctuations
introduce variability in device characteristics, limiting reproducibility.
The breakdown of Dennard scaling further prevents voltage reduction,
resulting in increased power density and heat generation, which constrain
performance8�10.
At the system level, the conventional von Neumann architecture intro-

duces an additional bottleneck, as the separation of memory and pro-
cessing units necessitates continuous data transfer, leading to increased
latency and energy consumption11. This limitation is particularly critical
for data-intensive applications, where the energy cost of data movement
can exceed that of computation.
Together, these limitations have driven the search for alternative ma-

terial platforms and device concepts that can provide functionalities be-
yond those achievable with conventional charge-based electronics. In this
context, electronic oxide materials, particularly complex transition metal
oxides, have emerged as a promising class of systems12�14. Unlike con-
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1 Introduction

Figure 1.1: Schematic illustration of emergent properties in transition
metal oxides from coupled microscopic degrees of freedom. External per-
turbations can drive phase transitions, giving rise to macroscopic function-
alities. Figure is redrawn after Ref. [15]. © 2015 IEEE.

ventional semiconductors, the macroscopic properties of transition metal
oxides are not solely determined by single-particle band structure, but
instead arise from the collective interplay between charge, lattice, spin,
and orbital degrees of freedom15�18. This strong coupling leads to com-
plex phase diagrams with competing ground states, where small changes
in external conditions can drive transitions between distinct electronic
phases17,18. Depending on the material system, these phenomena may be
governed by strong electronic correlations, lattice dynamics, or electron�
phonon interactions, encompassing both correlation-driven phase transi-
tions and unconventional transport regimes19�23. As a consequence, the
electronic and thermal transport properties of oxide materials are highly
sensitive to external perturbations such as temperature, electric �eld, cur-
rent, and strain24�29. Figure 1.1 shows a schematic illustration of the in-
terplay between various degrees of freedom under external perturbations,
leading to the tunability of the physical properties of oxide materials.

2



This tunability, combined with the possibility of nonlinear and often
abrupt responses, makes electronic oxides particularly attractive for appli-
cations in memory devices, neuromorphic computing, and energy-e�cient
switching technologies15,30�33.
One of the most prominent examples of emergent behavior in transition

metal oxides, many of which belong to the class of strongly correlated
materials, is the metal�insulator transition (MIT), in which a material
undergoes a drastic change in electrical conductivity16,34�36. Unlike con-
ventional semiconductor switching, which relies on gradual modulation of
carrier density, the MIT involves a fundamental reorganization of the elec-
tronic state of the system, often accompanied by structural and lattice
changes37,38.
Two main frameworks are commonly used to describe MIT in strongly

correlated materials. The �rst model is the Mott�Hubbard picture, based
on the Hubbard model, which describes electrons moving in a periodic lat-
tice within a single electronic band39,40. The corresponding Hamiltonian
is

H = −t
∑

⟨i,j⟩,σ

c†i,σcj,σ + U
∑
i

ni,↑ni,↓, (1.1)

where t is the hopping amplitude and U is the on-site Coulomb repul-
sion. When the Coulomb interaction exceeds the electronic bandwidth
W , the electronic states split into lower and upper Hubbard bands (LHB
and UHB), resulting in a Mott insulating state. On the other side, the
second framework describes charge-transfer insulators, relevant for many
transition metal oxides. In these materials, the oxygen p-band lies close
to the transition metal d-band, and the lowest excitation corresponds
to charge transfer from oxygen to the metal site, with an energy cost
∆ smaller than U . So, there is n+1 electrons at the transition site.
This process can be written as dn → dn+1L, where L denotes a lig-
and hole. The Zaanen�Sawatzky�Allen (ZSA) scheme classi�es transition
metal compounds based on these two models and according to the rela-
tive magnitudes of U and ∆41. Figures 1.2(a,b) illustrate the single-band
Mott�Hubbard and multi-band charge-transfer models, while Figs. 1.2(c,d)
present representative dynamical mean-�eld theory (DMFT) results show-
ing how the Coulomb interaction governs the redistribution of spectral
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1 Introduction

Figure 1.2: Overview of the fundamental models and Phase

diagram in strongly correlated materials. (a) Single-band Mott�
Hubbard model for a half-�lled d band in Mott insulators with U ≫ W . (b)
Multi-band charge-transfer model for charge-transfer insulators, in which
the charge-transfer gap ∆CT is smaller than the interaction energy U . (c)
The evolution of the spectral weight: Purple curve represents the metallic
phase with small U/W. The blue dashed lines are the representative of crit-
ical region. Green and Red colors are the representative of LHB/UHB-like
structure and insulating phase with large U/W, respectively. (d) Phase di-
agram of the MIT in strongly correlated materials. The �gures in (c) and
(d) are schematic representations based on DMFT calculations. Figure (c)
adapted and modi�ed from Ref. [42] with permission from authors and
Fig. (d) adapted and modi�ed from Ref. [43], © 2004 AIP Publishing.
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Figure 1.3: Schematic illustration of a �rst-order MIT. The tran-
sition can be triggered by a variety of external stimuli, including thermal,
electrical, optical, and mechanical perturbations. As the excitation ex-
ceeds a critical threshold, the resistivity undergoes a pronounced change
associated with the conversion between insulating and metallic phases. In
the transition region, both phases may coexist, resulting in a hysteretic
response and a bistable regime. Adapted and modi�ed from Ref. [15].
© 2015 IEEE.

weight and the resulting MIT phase diagram in strongly correlated mate-
rials42�46.
Among the various oxide systems exhibiting MITs, vanadium dioxide

(VO2)47�50, vanadium sesquioxide (V2O3)51�54, and neodymium nicke-
late (NdNiO3)55�57 represent prototypical examples of correlated mate-
rials with rich phase behavior. In VO2, the transition occurs near room
temperature and is accompanied by a structural change from a monoclinic
insulating phase to a rutile metallic phase47,50. This transition can be trig-
gered not only by temperature but also by electric �eld or current, mak-
ing VO2 a widely studied candidate for electronic switching devices58�61.
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1 Introduction

V2O3 exhibits a classic Mott transition driven by strong electron�electron
interactions, serving as a model system for studying correlation e�ects in
solids51,52. Similarly, NdNiO3, commonly referred to as NNO, exhibits a
temperature-driven MIT that is strongly in�uenced by lattice distortions
and strain, highlighting the importance of coupling between electronic and
structural degrees of freedom27,57,62.
Despite their di�erences, these materials share a common characteris-

tic: the MIT is often spatially inhomogeneous. Rather than occurring
uniformly throughout the sample, the transition proceeds through the nu-
cleation and growth of metallic and insulating domains50,63,64. Near the
transition, phase coexistence emerges, where regions with distinct elec-
tronic character coexist within the material. Under external bias, this spa-
tial inhomogeneity can promote �lamentary conduction pathways, where
the current becomes concentrated in narrow and dynamically evolving
regions65�68.
A �rst-order MIT can be driven by various external stimuli, as illus-

trated in Fig. 1.3. In electrically driven experiments, the position of the
operating point along the insulator�metal transition (IMT) curve is par-
ticularly important. The selected base temperature is one of the key pa-
rameters that controls the stability of the induced conducting state and
therefore strongly in�uences the resulting resistive switching response.
The formation and evolution of conductive �laments are closely con-

nected to resistive switching phenomena. Depending on the material pa-
rameters and experimental conditions, the switched state may either relax
after removal of the external stimulus or remain stabilized. Relaxation of
the switched state is typically associated with thermally driven or tran-
sient �lament formation and corresponds to volatile behavior69�72. In
contrast, stabilization of the switched state is often linked to structural re-
arrangements, phase stabilization, or defect- and oxygen vacancy related
processes, enabling memory retention and corresponding to nonvolatile
behavior30,72�75.
This distinction is illustrated for NNO thin-�lm devices in Fig. 1.4. In

Fig. 1.4(a), the device recovers its initial high-resistance state after com-
pletion of the voltage�current (I�V ) sweep, indicating a volatile response.
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Figure 1.4: Volatile and nonvolatile electrothermal switching in

strongly correlated NNO thin �lms. (a) I�V characteristic of a
45 nm-thick NNO device exhibiting volatile switching at T = 80 K . The
accompanying photomicrographs were acquired during the up-sweep be-
fore switching at point A (IA = 8.8mA), after �lament formation (dark
regions) at the maximum current B (IB = 20mA), and after completion
of the measurement at point C (IC = 0mA) during the down-sweep. The
metallic �lament formed during switching disappears when the current is
reduced to zero, indicating volatile switching. (b) I�V characteristic of
a 7 nm-thick NNO device exhibiting nonvolatile switching at T = 167 K.
The optical images correspond to the device states before switching (A,
IA = 0.8mA), after switching (B, IB = 1.8mA), and after completion of
the measurement cycle at zero current (C, IC = 0mA). The �rst sweep is
shown in black, while the second and third sweeps are plotted in red and
green, respectively. Scale bars: 10 µm. Figure (a) adapted from Ref. [76]
and the curve in Fig. (b) adapted and modi�ed from appended publica-
tion 2. © 2025 American Physical Society.
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1 Introduction

Figure 1.5: (a) Thermal conductivity of SrTiO3 as a function of temper-
ature, highlighting the dominant phonon scattering and transport regimes
across the investigated temperature range. (b) Optical photomicrograph
of a SrTiO3 crystal acquired at T = 50 K, below the antiferrodistortive
transition temperature (TAFD ≈ 105 K), revealing the ferroelastic domain
structure formed in the tetragonal phase. Scale bar: 50 µm. Figure (a) is
adapted and modi�ed from Ref. [77], © 2018 American Physical Society
and Fig. (b) reprinted from appended publication 3, with permission from
Elsevier.

In contrast, Fig. 1.4(b) shows that the electrically induced low-resistance
state is retained after the sweep, demonstrating nonvolatile switching.
This coexistence of volatile and nonvolatile switching behavior, together

with the intrinsic nonlinear dynamics of correlated oxides, makes these
materials highly attractive for applications in resistive memory and neu-
romorphic computing architectures31�33,78�80.
Another key emergent phenomenon in transition metal oxides is the

formation of domains and domain walls, which introduces an additional
level of complexity to their physical properties. Domain walls, which sep-
arate regions of di�erent phases, can exhibit electronic properties that are
distinct from those of the surrounding bulk material81,82. In some cases,
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domain walls can act as preferential conduction channels, while in others
they may serve as barriers to transport81,83. The dynamics of domain
walls under external stimuli, such as electric �elds or temperature gradi-
ents, therefore play a key role in determining the overall transport prop-
erties of the material82,84. Understanding how these domain structures
form, evolve, and interact is essential for controlling the functionality of
oxide-based devices83.
Strontium titanate (SrTiO3, STO) is a complex oxide in which domain

walls can play a central role in determining its physical behavior. In con-
trast to the strongly correlated systems described above, STO provides
a complementary platform in which transport properties are governed
primarily by lattice dynamics and electron�phonon interactions21,85. Al-
though STO is a band insulator in its stoichiometric form, it exhibits
a range of remarkable phenomena when doped or subjected to external
perturbations, including superconductivity, high-mobility electron gases,
and unusual thermal transport behavior77,86�88. In particular, STO has
been shown to exhibit hydrodynamic transport regimes, where collective
phonon excitations dominate heat conduction77,89. These properties make
it an ideal system for exploring transport phenomena that are not directly
driven by strong electronic correlations, but nevertheless fall outside the
framework of conventional semiconductor physics.
The relevant thermal transport regimes are summarized in Fig. 1.5(a),

which shows the thermal conductivity of STO across the investigated tem-
perature range. The observed regimes include ballistic (Casimir), hydro-
dynamic (Poiseuille), and kinetic (Umklapp) transport, as well as �uc-
tuations associated with the antiferrodistortive (AFD) transition. Below
this transition, STO forms ferroelastic domain walls (FDWs), as shown in
Fig. 1.5(b) for an optical image acquired at T = 50 K.
A unifying aspect of these oxide materials is that their macroscopic

transport properties emerge from microscopic spatial processes that evolve
dynamically under external stimuli. Conventional electrical transport mea-
surements, while providing valuable information about global properties
such as conductivity, do not capture the spatial complexity of these pro-
cesses. As a result, key phenomena such as �lament formation, domain
evolution, and phase coexistence remain di�cult to access using purely
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1 Introduction

Figure 1.6: Simpli�ed schematic of the multifunctional optical

microscope setup. The instrument integrates electrical transport mea-
surements with two optical microscopy modalities: wide-�eld polarization
microscopy (WFPM) on the left, using illumination from a 528 nm LED
light source, and Low-temperature scanning laser polarization microscopy
(LTSPM) on the right, performed with a 405 nm laser. Figure adapted
and modi�ed from appended publication 1, © 2024 American Physical
Society.

electrical techniques. To overcome this limitation, it is necessary to em-
ploy experimental approaches that combine electrical measurements with
spatially resolved probes. The experimental investigations presented in
this work focus on a range of complex oxide materials, providing a per-
spective on emergent transport phenomena in oxide systems.
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In this thesis, the local spatial processes underlying the macroscopic
transport properties of transition metal oxides are investigated by integrat-
ing electrical transport measurements with real-time optical imaging90, as
illustrated in Fig. 1.6. This approach enables the direct visualization of
spatial inhomogeneities and their evolution during electrically driven pro-
cesses69,91�93. By correlating local optical contrast with global electrical
response, it becomes possible to establish a direct link between microscopic
mechanisms and macroscopic behavior.
Through systematic studies of transition metal oxides, this thesis aims

to elucidate the role of spatial inhomogeneity, domain dynamics, and non-
equilibrium processes in determining their transport behavior. Particular
emphasis is placed on understanding the mechanisms underlying resistive
switching, including both volatile and nonvolatile regimes, domain evolu-
tion, and the formation of conductive �laments. In addition, the in�uence
of domain walls on transport properties is investigated, together with the
extent to which these processes can be controlled and manipulated through
external parameters such as electric �eld, current, and temperature.
Beyond their fundamental signi�cance, these phenomena are closely re-

lated to potential technological applications. The ability to achieve abrupt
and energy-e�cient switching, combined with intrinsic memory e�ects and
nonlinear dynamics, makes transition metal oxides attractive candidates
for next-generation electronic devices. In particular, their relevance for
neuromorphic computing, where information processing is inspired by the
human brain, has attracted signi�cant attention. In such systems, the
coexistence of multiple states, history-dependent behavior, and spatially
distributed activity can be exploited to implement functionalities that are
di�cult to realize with conventional semiconductor technology.
Publication 1 demonstrates the use of laser irradiation as a power-

ful tool to locally perturb and control the phase transition in strongly
correlated V2O3 thin �lms. A focused laser beam is employed as a con-
trollable external stimulus to manipulate the material across its �rst-order
metal�insulator transition. By combining spatially resolved optical imag-
ing with scanning laser exposure, the evolution of metallic and insulating
domains is monitored in real time during both heating and cooling cycles.
This approach enables direct investigation of the in�uence of laser-induced
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1 Introduction

perturbations on metastable states and reveals how the system is driven
toward thermodynamic equilibrium. The results show that local laser
excitation can e�ectively control phase coexistence and thermal-history-
dependent behavior in a correlated electron system.
Another correlated oxide that has emerged as a highly attractive plat-

form for unconventional electronic functionalities is NNO, due to its pro-
nounced �rst-order insulator�metal transition and strong thermal hys-
teresis, as explored in Publication 2. This intrinsic phase-transition
physics enables stable multistate resistive switching, which is highly rele-
vant for high-density memory and neuromorphic technologies. Current-
induced Joule heating triggers a pronounced electrothermal instability
that drives the formation of a metallic �lament within the insulating ma-
trix. In contrast to ion-migration-based devices, the �lament is purely
thermal in origin and is stabilized by the hysteretic behavior of the re-
sistance�temperature relation, resulting in reliable nonvolatile switching.
The device supports more than 100 distinct and stable resistance states,
which remain robust at constant temperature and can be fully reset non-
destructively by thermal cycling. These results highlight electrothermal
switching in correlated oxides as a promising route toward high-endurance
analog memory and neuromorphic systems.
In Publication 3, the focus is on understanding heat transport in

STO, which is one of the key physical properties relevant for oxide elec-
tronics and for exploring unconventional phonon dynamics. Owing to its
high crystalline quality and low-energy soft phonon modes, STO provides
an ideal platform for hydrodynamic phonon transport. Below the anti-
ferrodistortive transition, FDWs emerge and strongly in�uence phonon
propagation. To establish a direct link between structure and transport,
polarized optical microscopy was employed to image domain walls in sam-
ples of di�erent widths. The analysis reveals that reducing the sample
width increases the domain-wall density and decreases the characteristic
spacing Λ between the domain walls. In combination with thermal trans-
port measurements, this demonstrates that domain walls act as internal
scattering centers that disrupt collective phonon �ow. As a result, decreas-
ing the sample size suppresses phonon Poiseuille transport and reduces the
thermal conductivity peak. These �ndings demonstrate that domain walls
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are active elements in controlling phonon dynamics, highlighting domain-
wall engineering as a promising strategy for tuning thermal transport in
complex oxides.
Publication 4 demonstrates the potential of VO2 as a promising mate-

rial for multiterminal electrothermal memristors, where resistive switching
is governed by Joule heating induced IMT and the formation of metallic
�laments. By combining electrical transport measurements with optical
imaging, it is shown that multiple �laments can form between di�erent
terminal pairs and interact through current redistribution and thermal
coupling. The application of a control voltage enables access to several
distinct operational regimes, in which �lament formation can be selec-
tively promoted, suppressed, or stabilized, leading to di�erent conduction
pathways. These regimes highlight the key role of multiterminal geome-
try, where the distribution of currents among interchangeable terminals
determines the �lament con�guration and switching dynamics, resulting
in strongly hysteretic and history-dependent transport. This behavior es-
tablishes VO2 multiterminal devices as recon�gurable network elements
with built-in memory, o�ering strong potential for neuromorphic and in-
memory computing applications.
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2 Summary of publications and contributions

2.1 Publication 1: Laser-induced quenching of

metastability at the Mott insulator to metal

transition

This study demonstrates that focused laser irradiation can actively ma-
nipulate the phase-transition behavior of a strongly correlated material,
speci�cally a V2O3 thin �lm, which is a prototypical system exhibiting
a �rst-order Mott metal�insulator transition. Because the transition in
V2O3 is governed by strong electron�electron correlations51 and involves
coexistence of metallic and insulating domains91,94, this material provides
an excellent platform for exploring how external stimuli such as light can
in�uence phase dynamics and history-dependent behavior.
In the experiments, a continuous V2O3 thin �lm with a thickness of

300 nm is locally irradiated with a focused laser beam at various temper-
atures across the transition. Changes in phase morphology are imaged
in real time using a multifunctional microscope that combines wide-�eld
imaging with a scanning laser, enabling spatially resolved observation
of both the MIT during heating and the IMT during cooling processes.
Figure 2.1(b) illustrates the laser exposure and imaging process, while
Fig. 2.1(a) shows the corresponding resistance versus temperature curve
R(T ) that characterizes the hysteretic nature of the transition.
Although local heating by the laser would normally be expected to pro-

mote metallic domains95,96, the experimental results reveal a more intri-
cate behavior. As shown in Fig. 2.1(c), irradiation during heating indeed
enhances the formation of metallic regions, consistent with thermal exci-
tation.
However, during cooling, as shown in Fig. 2.1(d), the same irradiation

unexpectedly promotes the formation of insulating domains, thereby ac-
celerating the MIT. This asymmetry indicates that the in�uence of the
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Figure 2.1: (a) Enlarged view of the phase-transition region in the R(T )
curve. The red and blue dashed arrows denote the heating and cooling
branches, respectively, while the capital letters indicate the temperatures
selected for laser irradiation. The inset displays the complete R(T ) curve
of the V2O3 sample. (b) Schematic representation of the experimental
setup. (c,d) Sequences of photomicrographs acquired during heating and
cooling, showing the sample before and after laser scanning. In each panel,
the third column presents the corresponding di�erential images obtained
by comparing the states before and after laser exposure. Figure reprinted
from appended publication 1. © 2024 American Physical Society.
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Mott insulator to metal transition

Figure 2.2: Evolution of the metallic and insulating phase frac-

tions as a function of temperature under 460µW laser irradiation.

(a,b) Temperature-dependent �lling factors during the heating and cooling
branches, respectively. (c) Filling factor of the insulating phase recorded
over a complete thermal cycle. Figure reprinted from appended publica-
tion 1. © 2024 American Physical Society.
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laser extends beyond simple local heating and suggests that it a�ects the
underlying transition dynamics and metastability.97,98.
To quantify these e�ects, the �lling factor, de�ned as the fraction of the

surface occupied by a given phase, was analyzed. The metallic and insulat-
ing regions are distinguished by their brightness in the photomicrographs,
as shown in Fig. 2.1. Figures 2.2(a) and (b) show that the �lling fac-
tors exhibit a similar overall temperature dependence during heating and
cooling. However, Fig. 2.2(c) reveals that laser irradiation signi�cantly
suppresses the hysteresis between the heating and cooling branches. Af-
ter irradiation, the �lling-factor curves for the two thermal paths nearly
overlap, indicating that the �lm loses memory of its thermal history due
to the laser perturbation.
This behavior can be understood in the context of �rst-order transi-

tion thermodynamics, where the system can occupy superheated or su-
percooled metastable states before completing the transition99. In V2O3,
insulating regions may remain metastable above the equilibrium transition
temperature during heating, while metallic regions can be supercooled be-
low that temperature during cooling. Laser irradiation likely facilitates
local relaxation out of these metastable states toward the thermodynami-
cally stable phase appropriate for the given temperature, beyond any local
heating e�ect. Complementary electrical transport measurements during
controlled minor thermal cycles con�rm that simple heating alone cannot
account for the observed changes.
Finally, a phenomenological numerical model was employed that incor-

porates a laser-induced reduction of the energy barrier separating the
metastable and equilibrium states, combined with Kirchho�'s laws and
a �rst-order Landau free-energy framework. This model successfully re-
produces the key experimental observations, including the evolution of
the �lling factor and the pronounced suppression of hysteresis under laser
irradiation.
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Contributions

This publication resulted from a collaborative e�ort involving the Uni-
versity of California San Diego, Université Paris-Saclay, and the Technion�
Israel Institute of Technology in Haifa. The device fabrication was carried
out by Y. Kalcheim, while the thermal minor-loop measurements were
performed by A. Kronman. The numerical modeling was conducted by
L. Fratino.
My contribution consisted of providing some ideas and performing the

initial set of measurements that formed the basis of the reported results.
Subsequently, T. Luibrand re�ned the experimental approach by improv-
ing the measurement setup and conducted the main part of the measure-
ments. The imaging measurements were carried out under the supervision
of S. Guénon. I also supported data analysis and paper writing. The
preparation of the �gures and the writing of the manuscript were carried
out mainly by T. Luibrand and S. Guénon.
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2.2 Publication 2: Nonvolatile multistate

electrothermal resistive switching in a strongly

correlated insulator thin-�lm device

This study investigates resistive switching devices, with a particular
focus on nonvolatile devices capable of storing information persistently,
analogous to synapses in biological neural networks. Among the candi-
date materials, strongly correlated insulating thin �lms have attracted
signi�cant attention due to their sharp temperature-dependent resistivity,
which can trigger the formation of metallic �laments through electrother-
mal e�ects, typically resulting in volatile resistive switching62,69,100,101.
However, in materials exhibiting pronounced hysteresis in the R(T ) curve,
such as NNO, these �laments can remain stable, giving rise to nonvolatile
behavior.
In this work, electrical and optical measurements were performed on

a planar two-terminal NNO device using a wide-�eld optical microscope
capable of simultaneous imaging and electrical transport measurements.
Figure 2.3 presents the R(T ) curve obtained during thermal cycling, re-
vealing a wide hysteresis that highlights the signi�cant in�uence of thermal
history on the electrical behavior of the device.
To characterize the switching behavior, electrical transport measure-

ments were conducted at di�erent temperatures within the hysteresis in-
terval. Figure 2.4(a) illustrates the multistate nonvolatile switching pro-
cess. The device was initially set to an insulating state by interrupting the
thermal cycle at 167K, followed by a series of current sweeps in which the
maximum current was gradually increased from 1mA to 2mA in 25µA in-
crements. The resulting I�V curves show that, even near zero current, the
resistance after each cycle remains lower than in the initial state, con�rm-
ing persistent, nonvolatile switching. Furthermore, increasing the maxi-
mum current incrementally leads to higher conductance states, allowing
multiple stable intermediate states to be created. While the experiment
shown includes 40 sweeps, up to 100 intermediate states are achievable,
demonstrating the potential for high-resolution analog information stor-
age. These states remain stable as long as the temperature is maintained,
and the pristine state can be fully restored by thermal cycling.
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switching in a strongly correlated insulator thin-�lm device

Figure 2.3: The R(T ) characteristic of the device was measured
during thermal cycling under a constant current of 100µA. The
arrows show the progression of the temperature sweep. For subsequent
electrical transport measurements, the temperature ramp was halted dur-
ing the heating cycle at 167K, as indicated by the vertical dashed line.
Points 1, 2, and 3 correspond to the initial condition for the I�V measure-
ments, the state under maximum applied current, and the zero-current
condition during the down-sweep, respectively. Figure reprinted from ap-
pended publication 2. © 2025 American Physical Society.

Optical imaging of the device during switching further clari�es this pro-
cess. Di�erential images reveal the formation of a metallic �lament whose
width increases as the device conductance grows across successive sweeps,
as shown in Fig. 2.4(b). The dark region indicates the metallic channel.
The underlying mechanism of resistive switching is attributed to elec-

trothermal instability. When the applied current exceeds a critical thresh-
old, small variations in current density are ampli�ed by localized Joule
heating, which reduces the resistance of the nearby �lm. This e�ect con-
centrates the current into a narrow region, initiating resistive switching
and forming a metallic �lament between the electrodes. Most of the cur-
rent then �ows through the �lament, generating intense localized heating
that maintains the nearby material in the metallic phase above the IMT
temperature.
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Figure 2.4: Nonvolatile multistate electrothermal resistive

switching at T = 167K. (a) Intermediate I�V loops obtained from
triangular current sweeps. The inset shows the �rst �ve sweeps, in which
the current is ramped from zero to Imax and back in 10µA steps with a
dwell time of 0.5 s. The maximum current, Imax, is increased from 1.0mA
(loop A) to 2.0mA (loop F) in increments of 25µA. (b) Di�erential images
of the device recorded at I = 0 after completion of the corresponding I�V
loops. Figure reprinted from appended publication 2. © 2025 American
Physical Society.

22



2.2 Publication 2: Nonvolatile multistate electrothermal resistive

switching in a strongly correlated insulator thin-�lm device

Normally, the �lament would widen or shrink depending on the current,
but in NNO, thermal hysteresis traps the �lament, allowing it to persist
even when the current is reduced to zero.
Moreover, resistive switching was studied at various base temperatures

after resetting the device. At lower temperatures (160�166K), the �rst
current sweep produced abrupt switching during the up-sweep, resulting
in broad metallic �laments that spanned most of the electrode gap. This
�lamentary state was retained in the subsequent sweeps, whose I�V loops
closely followed the down-sweep branch of the �rst loop, con�rming the
nonvolatile nature of the switching. At higher temperatures (165�167K),
switching during the �rst up-sweep was more gradual, and the �laments
appeared narrower. These di�erences arise from electrothermal e�ects:
at lower base temperatures, a larger amount of Joule heating is required
to locally drive the NNO �lm into the metallic phase. In contrast, at
higher base temperatures, enhanced thermal coupling to the electrodes
and/or the nucleation of isolated metallic domains can redistribute the
current over a larger device area. As a result, the transition proceeds
more gradually and gives rise to narrower metallic �laments.
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Contributions

This study was carried out as a collaboration between the University
of Tübingen and the Max Planck Institute for Solid State Research in
Stuttgart. The sample was provided by M. Hepting. C. Schmid con-
tributed to the lithography and device structuring, while T. Luibrand
developed a LabVIEW program for minor-loop measurements.
My contribution to this work included the design of the device layout,

the execution of all electrical and optical measurements, and the analysis
of the results. All �gures presented in this work were prepared by me.
The measurements were supervised by S. Guénon. In addition, I actively
participated in scienti�c discussions and contributed to the development
of the manuscript, which was written by S. Guénon.
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2.3 Publication 3: Domain-wall-driven anomaly in

hydrodynamic phonon transport in SrTiO3

The paper explores how intrinsic structural features a�ect heat trans-
port beyond the conventional di�usive regime. In crystalline solids, heat
is carried by phonons, which typically scatter randomly102,103; however,
in very pure materials, they can exhibit hydrodynamic phonon transport,
where momentum-conserving interactions lead to collective, �uid-like be-
havior and enhanced thermal conductivity77,104,105. Studies on materials
such as graphite106 and black phosphorus107 show that reducing sample
size increases boundary scattering and suppresses this regime. These �nd-
ings are important for thermal management in nanoelectronics and for
designing advanced phononic devices.

Figure 2.5: (A) Thermal conductivity of STO versus temperature for
samples of di�erent widths on a log�log scale. Shaded regions indicate
the dominant phonon transport regimes: ballistic (blue), Poiseuille (red),
Ziman (yellow), AFD �uctuations (orange), and kinetic (purple). (B)
Thermal conductivity of STO at 300, 110, and 25K as a function of sam-
ple width w. Inset: Schematic of STO single crystal with crystallographic
orientation. Error bars indicate the uncertainty in the measured thermal
conductivity κ. Figure Reprinted from appended publication 3, with per-
mission from Elsevier.
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STO provides an ideal platform for studying phonon hydrodynamics
because of its high crystalline quality and its low-temperature cubic-to-
tetragonal phase transition, which generates ferroelastic domains sepa-
rated by domain walls. These domain walls interact with phonons and
play a crucial role in determining the thermal transport behavior. Ther-
mal conductivity measurements, shown in Fig. 2.5(A), reveal signatures
of hydrodynamic phonon transport, including a pronounced peak and de-
viations from di�usive transport, indicating collective phonon �ow. As
shown in Fig. 2.5(B), the thermal conductivity is nearly independent of
sample size in the cubic phase above 105K, whereas a strong size depen-
dence emerges in the tetragonal phase, particularly near 25K, re�ecting
enhanced boundary scattering. This behavior is directly linked to the for-
mation and evolution of domain structures, as shown in Fig. 2.6, where
the temperature-dependent changes in domain size and density establish
a clear connection between microscopic lattice features and macroscopic
thermal transport. The photomicrographs show that reducing the sample
width, w, increases the areal density of FDWs and concomitantly decreases
the average domain-wall spacing, Λ. Furthermore, studies on microscale
STO show that FDWs formed during the AFD transition act as internal
boundaries, reducing the phonon mean free path from the sample size to
the micron-scale domain size77.
Furthermore, the width-dependent evolution of phonon transport in

STO is analyzed by separating the thermal conductivity into intrinsic
phonon contributions and thermal di�usivity, as shown in Fig. 2.7.
Speci�c-heat measurements con�rm the expected phononic behavior,
while the extracted di�usivity reveals a hallmark of phonon Poiseuille
�ow: a nonmonotonic temperature dependence with a distinct Knudsen
minimum followed by a maximum, indicating the crossover from ballistic
to hydrodynamic transport. As shown in Fig. 2.7, decreasing the
sample width progressively suppresses this nonmonotonic behavior and
eventually eliminates it, while the Knudsen minimum shifts to higher
temperatures, signaling the breakdown of hydrodynamic �ow. Since the
sample dimensions are much larger than the phonon mean free path,
conventional boundary scattering cannot explain this e�ect.
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Figure 2.6: (A,B) Polarized-light micrographs of a (001)-oriented STO
single crystal before and after mechanical polishing. Panel (A) shows
the original 5 × 5 × 0.5 mm3 sample, while panel (B) shows the crystal
after its lateral dimensions were reduced to 1 × 1 mm2. Images were ac-
quired at 50 K, below the AFD transition, with [100] (a axis) vertical and
[010] (b axis) horizontal. FDWs appear as dark-gray stripes, with selected
walls highlighted in yellow. Scale bar: 50 µm. (C) Distribution of FDW
counts before and after polishing, identi�ed within each 0.5 × 0.5 mm2

micrographs. (D) Distribution of the spacing between neighboring FDWs
before and after polishing. Figure reprinted from appended publication 3,
with permission from Elsevier.
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Figure 2.7: (A) Width-dependent thermal conductivity of STO mea-
sured between 3 and 9K. The shaded regions indicate the experimental
uncertainty in κ, and the solid lines correspond to �ts obtained from the
model. (B) Dependence of the extracted domain-wall spacing, Λ, on

√
w.

The solid pink line shows the result of a least-squares linear regression,
while the surrounding shaded region represents the corresponding con-
�dence interval. The error bars indicate the estimated uncertainty in Λ.
(C) Conceptual representation of the Knudsen minimum. Figure reprinted
from appended publication 3, with permission from Elsevier.
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Additional control experiments rule out impurities108, oxygen vacan-
cies109, and surface damage110, con�rming that the observed size depen-
dence originates from intrinsic scattering at FDWs formed below the struc-
tural phase transition.
To further investigate thermal transport in STO samples, a model based

on �rst-principles calculations has been developed111. A comparison be-
tween experimental data and theoretical predictions for both di�usive and
hydrodynamic regimes reveals clear deviations in the temperature range
where domain walls are most prominent. Instead of following ideal hy-
drodynamic scaling, the thermal conductivity is suppressed or modi�ed,
indicating anomalous behavior. This demonstrates that the collective �ow
of phonons is disrupted by additional scattering mechanisms associated
with the domain structure.
Overall, systematically reducing the width w of STO crystals� while

keeping other dimensions constant� reveals a pronounced and unexpected
size dependence even when w remains much larger than the phonon mean
free path. As w decreases, the thermal conductivity peak is progres-
sively suppressed, and the super-T 3 enhancement associated with phonon
Poiseuille �ow is weakened, eventually approaching and deviating below
the T 3 behavior. In parallel, the thermal di�usivity evolves from a non-
monotonic to a monotonic temperature dependence, with the Knudsen
minimum shifting to higher temperatures, signaling the gradual break-
down of hydrodynamic transport. First-principles analysis further reveals
that the domain size decreases with w following a

√
w scaling, consistent

with increased FDW density. These �ndings establish macroscopic geom-
etry, mediated by domain walls, as a key parameter for tuning phonon
hydrodynamics and thermal transport.
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Contributions

This work was carried out in collaboration with the University of Califor-
nia, Riverside, the University of Pittsburgh, and the University of Texas,
USA. The conceptual framework of the study was developed by S. Guo,
who also performed the thermal conductivity measurements, analyzed the
data, and prepared the �gures and manuscript. J. Han contributed by
developing a numerical model to support the interpretation of the experi-
mental results. My main contribution to this work consisted of performing
optical imaging on di�erent samples and the subsequent analysis of the
acquired data, conducted under the supervision of S. Guénon. I also pro-
vided some ideas and supported paper writing.
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2.4 Publication 4: History-dependent �lament

con�guration in multiterminal electrothermal

memristors

This work investigates multiterminal electrothermal memristors
(ETMs) based on vanadium dioxide, with emphasis on the formation,
evolution, and collapse of electrically induced metallic �laments in a
history-dependent manner. ETMs exploit the pronounced temperature-
driven IMT in VO2, where Joule heating induces abrupt and hysteretic
resistance switching. While �lament formation is well established in
two-terminal devices112�116, extending this concept to three-terminal
geometries reveals recon�gurable and controllable �lament networks.
The VO2 thin-�lm device was fabricated epitaxially with patterned

Ti/Au electrodes and characterized using simultaneous electrical trans-
port measurements and wide-�eld polarization microscopy. This technique
enables direct imaging of insulating and metallic regions with submicron
resolution. By applying voltages between di�erent terminal pairs, current
redistribution can be monitored and the formation of conductive �laments
between speci�c electrodes can be tracked under varying bias conditions.
In the two-terminal limit (Fig. 2.8(a) and (c)), the device behaves as

a conventional VO2 memristor: a single metallic �lament forms abruptly
at a threshold voltage and collapses at a lower return voltage, resulting
in a hysteretic current�voltage response. The �lament width increases
with compliance current, consistent with established VO2 switching be-
havior117.
When the third terminal is engaged (Fig. 2.8(b) and (d)), the behavior

changes fundamentally. In this regime (I), the current divides into multi-
ple paths, enabling the simultaneous formation of two �laments (e.g., A�G
and A�B). These �laments nucleate at comparable switching thresholds
and collapse together, but di�er in strength due to asymmetries in contact
resistance and current distribution. This demonstrates that �lament for-
mation is not �xed, but strongly governed by current distribution across
the terminals.
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Figure 2.8: (a) WFPM di�erential image of a single metallic �lament
(dark region) at VAG = 10V and Icc = 11mA; terminal B is unconnected.
(b) WFPM image of multiple metallic �laments at VAG = 10V, VBG = 0V,
and Icc = 11mA, with all terminals connected. (c) Current at terminal A
(IA) versus applied VAG (black) and measured VAG,m (gold), correspond-
ing to (a). (d) Currents IA, IB , and inferred IG = −IA − IB versus VAG

for the con�guration in (b). Figure reprinted from appended publication
4. © 2026 AIP Publishing.

A key result is that applying a control voltage (VBG) enables system-
atic tuning of �lament formation, as shown in Fig. 2.9 Even small vari-
ations in VBG modify the local electric �eld and Joule heating, thereby
determining which electrode pairs support �lament growth. Six distinct
operational regimes are identi�ed, ranging from single-�lament formation
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to coupled multi-�lament states, as well as con�gurations where �laments
extend across multiple terminals or persist independently. As VBG in-
creases, the system transitions smoothly between these regimes. These
transitions are continuous, reproducible, and hysteretic, indicating that
the device retains memory of its previous electrical state. The formation
of each �lament alters the local current distribution and thereby in�uences
where subsequent �laments emerge, producing a conductive network that
depends on the preceding electrical history.
The study further demonstrates that the three terminals are function-

ally interchangeable, as each can serve as an input, output, or control
terminal depending on the applied bias conditions. This behavior con-
trasts with that of conventional transistors and highlights the potential
of the device as a recon�gurable computing element. Moreover, the �l-
ament con�guration and the corresponding current�voltage characteris-
tics can be continuously tuned through the control voltage VBG, thereby
modifying the hysteresis loops and switching thresholds. Finally, scaling
considerations indicate that reducing device dimensions decreases the �la-
ment volume, thereby lowering switching energy and latency. Engineering
thermal coupling and device geometry is therefore essential for optimizing
performance and enabling dense multiterminal networks.
Overall, the paper demonstrates that VO2-based multiterminal ETMs

exhibit controllable, history-dependent multi-�lament switching governed
by terminal biasing. This enables dynamically recon�gurable conductive
pathways, making these devices promising candidates for future neuromor-
phic and recon�gurable computing systems.
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Figure 2.9: Voltage-dependent �lament con�guration. The cur-
rents IA, IB , and IG, �owing into terminals A, B, and G, respectively,
are shown as functions of the set voltage VAG for a current compliance of
Icc = 11mA. The corresponding WFPM photomicrographs were acquired
during the same voltage sweeps. Arrows mark transitions at selected val-
ues of VAG, while the associated transport regimes are discussed in the
main text. The data were recorded at the lower boundary of each regime
for VBG = (a) 0.1V, (b) 3.0V, (c) 3.5V, (d) 3.6V, and (e) 6.5V. Scale
bars: 10µm. Figure reprinted from appended publication 4. © 2026 AIP
Publishing.
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Contributions

This work was carried out in collaboration with the University of Twente.
The central concept of the study was developed by S. Smink. He and his
colleagues were responsible for the fabrication and structuring of the sam-
ple and the initial electrical transport measurements. My contribution to
this work was to perform optical imaging simultaneously with electrical
transport measurements. All experimental data shown in the paper were
acquired at the University of Tübingen. I further analyzed the optical
images and prepared them for publication. The �gures were generated
by S. Smink, who also led the writing of the manuscript. In addition, I
actively contributed to the development of the manuscript through discus-
sions and feedback.
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This thesis demonstrates the emergent properties and technological po-
tential of transition metal oxides investigated by combining electrical trans-
port measurements with advanced optical microscopy techniques. These
materials exhibit a rich interplay between electronic, structural, thermal,
and lattice degrees of freedom, leading to emergent phenomena such as
metal�insulator transitions, phase coexistence, nonlinear transport, �la-
ment formation, and domain-mediated heat transport. Owing to these
unique properties, transition metal oxides have attracted considerable
attention as promising candidates for future electronic technologies be-
yond conventional semiconductor-based devices, which are increasingly
challenged by limitations associated with device scaling, increasing power
consumption, heat dissipation, and latency in information processing and
storage.
In this context, oxide materials o�er alternative concepts for electronic

functionality based on intrinsic phase-transition physics rather than con-
ventional charge-carrier control. In particular, nickelates and vanadates
provide novel mechanisms for electrically driven switching and multistate
memory behavior, while titanates enable controllable thermal transport
through ferroelastic domain engineering. Therefore, understanding the
microscopic mechanisms governing these functionalities is essential for the
development of future oxide electronics and energy-e�cient computing
technologies.
A central aspect of this thesis is the use of multifunctional optical mi-

croscopy capable of simultaneously imaging devices while electrical trans-
port measurements are performed. This integration enabled direct spatial
visualization of microscopic processes such as conductive �lament forma-
tion, phase coexistence, and ferroelastic domain evolution. These experi-
mental approaches provide an important platform for correlating local mi-
croscopic behavior with macroscopic transport properties and allow direct
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investigation of nonequilibrium phenomena in strongly correlated materi-
als.
The �rst part of this thesis focused on laser-induced perturbation of

correlated electronic states in V2O3, a prototypical Mott material exhibit-
ing a �rst-order IMT. The results presented in Publication 1 show that
optical excitation can quench metastable phases and trigger transitions
between insulating and metallic states during thermal cycling. These ob-
servations provide direct insight into the metastable nature of the �rst-
order Mott transition in V2O3 and demonstrate that laser irradiation can
drive supercooled and superheated states toward thermodynamic equilib-
rium. The ability to modify the stability of metastable phases by laser
irradiation further demonstrates that optical excitation can be used as a
controlled external perturbation to manipulate the phase transition dy-
namics in V2O3 without direct electrical biasing. Thus, such optically
induced control of phase transitions represents a promising approach for
future switching concepts and multifunctional oxide-electronic devices.
The second part of this thesis, published as Publication 2, focused on

nonvolatile resistive switching in NdNiO3 thin �lms. In these two-terminal
devices, Joule-heating-induced electrothermal instability leads to the for-
mation of stable metallic �laments within the insulating matrix. Due to
the hysteretic nature of the metal�insulator transition, the �lamentary
states remain stable after reducing the applied current, resulting in re-
producible nonvolatile resistance states. More than one hundred distinct
resistance levels were achieved, demonstrating the potential of nickelates
as memristive devices for analog memory and neuromorphic computing
applications. In contrast to conventional resistive switching mechanisms
based on ionic migration, the switching behavior in NdNiO3 originates
from intrinsic phase-transition physics, o�ering the prospect of enhanced
endurance and improved energy e�ciency.
Another important aspect of this thesis, discussed in Publication 3,

was the investigation of ferroelastic domain walls in SrTiO3 and their in-
�uence on heat transport. Using polarized optical microscopy combined
with thermal transport measurements, the spatial con�guration of ferroe-
lastic domains was directly correlated with thermal conductivity behavior.
The results showed that increasing the domain-wall density suppresses
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collective phonon transport by introducing additional phonon scattering
centers. Consequently, the thermal conductivity can be tuned through the
domain-wall con�guration and sample geometry. These �ndings establish
ferroelastic domain walls as active elements for controlling heat transport
in complex oxides and demonstrate the potential of domain engineering
for future thermal-management technologies and phononic devices.
The �nal part of this thesis addressed electrically driven switching be-

havior in multiterminal VO2 devices. As presented in Publication 4,
simultaneous optical imaging and transport measurements revealed the
formation and evolution of conductive �lamentary pathways during oper-
ation. In multiterminal geometries, the �lament con�guration could be
manipulated through the applied bias conditions, enabling controllable
current pathways inside the device. These results demonstrate how corre-
lated oxides can provide functionalities beyond conventional two-terminal
switching devices. In particular, multiterminal architectures based on VO2

o�er promising opportunities for transistor-like operation, adaptive elec-
tronics, and unconventional computing concepts based on tunable phase
coexistence and nonlinear transport.
Overall, this thesis demonstrates how multifunctional optical mi-

croscopy enables direct observation of microscopic processes governing
the behavior of transition metel oxide devices during operation. The
combination of spatial imaging with electrical and thermal transport
characterization provides valuable insight into phase coexistence, �lament
dynamics, and domain-wall-mediated phenomena in strongly correlated
materials. The results further highlight the broad technological potential
of correlated oxides for future electronic, memory, neuromorphic, and
thermal-management applications beyond the limits of conventional
semiconductor technologies.
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Laser-induced quenching of metastability at the Mott insulator to metal transition

Theodor Luibrand,1 Lorenzo Fratino ,2,3,4 Farnaz Tahouni-Bonab,1 Amihai Kronman ,5 Yoav Kalcheim ,4,5

Ivan K. Schuller ,4 Marcelo Rozenberg ,3,4 Reinhold Kleiner ,1 Dieter Koelle ,1 and Stefan Guénon 1,*

1Physikalisches Institut, Center for Quantum Science (CQ) and LISA+, Eberhard Karls Universität Tübingen,
Auf der Morgenstelle 14, 72076 Tübingen, Germany

2CNRS Laboratoire de Physique Théorique et Modélisation, CY Cergy Paris Université, 95302 Cergy-Pontoise Cedex, France
3CNRS Laboratoire de Physique des Solides, Université Paris-Saclay, 91405 Orsay, France

4Center for Advanced Nanoscience, Department of Physics, University of California-San Diego, 9500 Gilman Drive,
La Jolla, California 92093-0319, USA

5Department of Materials Science and Engineering, Technion–Israel Institute of Technology, Technion City, 32000 Haifa, Israel

(Received 22 January 2024; revised 5 May 2024; accepted 23 July 2024; published 14 August 2024)

There is growing interest in strongly correlated insulator thin films because the intricate interplay of their
intrinsic and extrinsic state variables causes memristive behavior that might be used for biomimetic devices in
the emerging field of neuromorphic computing. In this study we find that laser irradiation tends to drive V2O3

from supercooled/superheated metastable states toward thermodynamic equilibrium, most likely in a nonthermal
way. We study thin films of the prototypical Mott-insulator V2O3, which show spontaneous phase separation into
metal-insulator herringbone domains during the Mott transition. Here, we use low-temperature microscopy to
investigate how these metal-insulator domains can be modified by scanning a focused laser beam across the
thin film surface. We find that the response depends on the thermal history: When the thin film is heated from
below the Mott transition temperature, the laser beam predominantly induces metallic domains. On the contrary,
when the thin film is cooled from a temperature above the transition, the laser beam predominantly induces
insulating domains. Very likely, the V2O3 thin film is in a superheated or supercooled state, respectively, during
the first-order phase transition, and the perturbation by a laser beam drives these metastable states into stable
ones. This way, the thermal history is locally erased. Our findings are supported by a phenomenological model
with a laser-induced lowering of the energy barrier between the metastable and equilibrium states.

DOI: 10.1103/PhysRevB.110.L081108

Strongly correlated insulator thin films are the subject of
intensive research in the emerging field of neuromorphic com-
puting [1–4]. If these materials are cooled to a temperature
below the transition temperature, the charge carrier mobility
is considerably reduced due to electron-electron correlation
effects like the Mott-Hubbard interaction (e.g., V2O3 [5–9]),
charge transfer (e.g., rare-earth nickelates [10,11]), or dimer-
ization (e.g., VO2) [12]. This reduction in charge carrier
mobility results in a metal-to-insulator transition (MIT) [13].
An equivalent insulator-to-metal transition (IMT) is observed
during heating. The electron-electron correlation effects cause
an intricate interplay of intrinsic and extrinsic state variables
that can be leveraged for engineering neuromorphic de-
vices [14]. One way to influence strongly correlated insulator
thin-film devices externally is through exposure to light. For
instance, light is used to trigger resistive switching [15–18], to
tune the resistive switching voltage thresholds [19], or to tune
the frequency of relaxation oscillators [20] in VO2 devices.
Furthermore, because strongly correlated insulator thin-film
neuromorphic devices are usually operated in a critical state
at the onset of the IMT/MIT, their functionality is affected
by thermodynamics of phase transitions. For instance, the

*Contact author: stefan.guenon@uni-tuebingen.de

hysteresis in resistance R vs temperature T curves due to
the first-order MIT/IMT in VO2 is leveraged for multistate
resistive switching [21–23]. In V2O3, the MIT/IMT is accom-
panied by structural (corundum to monclinic) and magnetic
(paramagnetic to antiferromagnetic) phase transitions, provid-
ing a complex interplay of many degrees of freedom [24–27].

It is widely recognized that the Mott transition in V2O3

is of first-order. However, the implication that the ther-
modynamic states must be metastable due to fundamental
thermodynamics needs to be addressed. Here, we investigate
how a laser induced local perturbation affects metastability in
a V2O3 thin film. We recorded the laser light induced phase
transitions at temperatures during the IMT/MIT by acquiring
photomicrographs. While at the IMT, the metal phase is in-
duced, the insulating phase is predominantly induced at the
MIT. The latter is very intriguing, because one might expect
the main effect of the laser irradiation to be heating, which is
expected to drive the system toward a more metallic state. To
study this phenomenon further, we investigated the filling fac-
tors of the insulating and metallic phases and found that after
laser irradiation, the filling factors of the heating and cooling
branches are almost identical. The behavior is reproduced in a
phenomenological numerical model.

The sample under investigation is a continuous 300 nm
thick rf-sputtered V2O3 film on an r-cut sapphire substrate

2469-9950/2024/110(8)/L081108(6) L081108-1 ©2024 American Physical Society
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FIG. 1. (a) Zoom into the phase transition region of the R(T )
curve. The red and blue dashed arrows indicate the heating and
cooling branch, respectively. Inset: Full R(T ) curve of the V2O3

thin film sample under investigation with same units as in the main
graph. The capital letters mark the set temperatures in one thermal
cycle, at which separated squares in the V2O3 thin film were irra-
diated using the laser scanning mode. (b) Simplified schematic of
the measurement setup. Photomicrographs are acquired by widefield
microscopy before and after laser scanning within the dashed square
of pristine areas. (c) Photomicrograph series demonstrating the laser
scanning irradiation effect acquired during one heating run. For the
differential images, the image before laser irradiation was subtracted
from the image after scanning. The image contrasts were optimized
for every temperature. (d) Photomicrograph series acquired during
cooling, analogous to (c).

with gold electrodes evaporated on top (see Ref. [28] for
details); Figure 1(a) shows its R(T ) curve for both heating and
cooling. The resistance change of four orders of magnitude at
the phase transition is a sign of high film quality.

We used the same optical microscopy setup as in Lange
et al. [29], where we have demonstrated that the change in
reflectivity allows for imaging the separation of the insulat-
ing and metallic phases with 0.5 µm spatial resolution. As
described in Refs. [30,31], the setup is a cryogenic com-
bined widefield and laser scanning microscope. The sample
is mounted in vacuum on the coldfinger of a liquid Helium
continuous-flow cryostat. A sketch of the experimental setup
is shown in Fig. 1(b), and a detailed description is given in
Ref. [32] (Sec. I).

For this study, the photomicrographs are acquired in
the widefield mode with a monochromatic (532 nm) LED

illumination, and the laser scanning mode is used for exposing
the sample under investigation to laser light from a 405 nm
wavelength laser diode operated in the continuous wave mode.
The theoretical laser spot diameter on the thin-film surface is
322 nm. We have measured the incident laser power on the
sample surface by replacing the sample with a photodiode.
The maximum laser power is 919 µW. However, different
laser powers were chosen, throughout this study.

For exposure, the selected area is scanned line by line (line
separation 100 nm) as depicted in Fig. 1(b). During each line
scan, the laser spot stays at a position for 13 ms then it moves
to the next position at a distance of 100 nm.

The procedure to investigate the effect of laser scanning
irradiation is as follows:

(1) A photomicrograph (32 × 32 µm2) of the thin film is
acquired.

(2) A selected area (14 × 14 µm2) is exposed to laser light.
(3) A second photomicrograph is acquired.
(4) For the differential image, the first photomicrograph is

subtracted from the second.
With this procedure, the laser-induced changes from the

metallic to the insulating and from the insulating to the metal-
lic phases are mapped.

We have exposed a V2O3 thin film by laser light at
different temperatures during the IMT/MIT (Fig. 1). The
R(T ) curve shows a hysteresis of several Kelvins due to
the first-order nature of the IMT/MIT [7]. During heating
of the sample from 80 K to room temperature, the heating
was interrupted four times during the IMT, and a pristine
(unirradiated) 14 × 14 µm area was exposed with 0.1 mW
laser power according to the procedure described above. The
same procedure was chosen for cooling from room tem-
perature to 80 K with 0.6 mW laser power. Note, that we
chose different pristine areas on the sample for each scanning
procedure.

The photomicrographs in Figs. 1(c) and 1(d) (in particular,
D and E) show the characteristic herringbone domain pattern
due to strain-induced separation of the metallic and insulat-
ing phases [29,33]. It is important to note that these domain
patterns are static on the time scale of at least 15 minutes
and do not change, if the thin film is left undisturbed at a
fixed temperature. The key result of this study is that during
heating, mostly metallic domains are induced [dark patches
in the differential images in Figs. 1(c) and 1(d)], whereas
during cooling, predominantly insulating domains are created
by laser irradiation [bright patches in the differential images
in Figs. 1(c) and 1(d)]. Furthermore, laser scanning irradiation
does not smear or destroy the herringbone domain patterns
but modifies them by changing the ratio of the metallic and
insulating surface areas. If left undisturbed, the domains in
the irradiated areas are static for at least ten minutes.

In an additional experiment on a patterned V2O3 thin film
microbridge (see Fig. S2 in Ref. [32]), we show that indeed the
laser-scanning-induced phase change has a significant effect
on the film resistivity. Moreover, we observe that the size
of the laser-induced domains is similar to the size of the
domains of the temperature-driven phase transition without
laser exposure. This indicates that domain walls permeate the
whole film, and that the laser-induced phase transition is not
only due to a surface effect.
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We also modified the laser irradiation procedure to deter-
mine the power thresholds for laser-induced phase changes
during heating and cooling (see Sec. III in Ref. [32] for de-
tails). It was found that laser irradiation already at relatively
low power levels induces predominantly a metallic phase dur-
ing heating (i.e., IMT), while during cooling (i.e., MIT), the
required laser power for inducing predominantly an insulat-
ing phase is considerably larger. Moreover, the temperature
range, in which a laser-induced phase change was observable,
is larger during IMT, compared to MIT. Hence, the heating
branch of the transition seems to be more sensitive to laser
irradiation than the cooling branch.

For a quantitative analysis of the laser-induced phase
changes, we investigated the filling factors, i.e., the ratio
between the surface area of a particular phase and the total
surface area of interest at a laser power of 460 µW. This
laser power was chosen because it is far from the minimum
and maximum threshold values for both cooling and heating
(see Sec. III in Ref. [32]). As mentioned above, the metallic
and insulating thin-film areas can be clearly distinguished
by their brightness level in the photomicrographs (see Fig. 1
and [29]). However, these brightness levels change from mi-
crograph to micrograph. Therefore, the following evaluation
procedure was used for determining the filling factors. We
visually inspected the (differential) micrographs in Fiji [34]
and chose an upper and lower limit for the brightness that
separates the particular two phases. A third brightness level
was calculated by averaging the upper and lower limit. For
these three brightness values, we calculated the filling factors,
which correspond to the data points and the error bars in Fig. 2
using a Python routine.

Figures 2(a) and 2(b) show the temperature dependence of
the filling factors of the laser-induced metallic and insulating
phases during heating and cooling, respectively. Except for
the fact that in the heating case, predominantly the metallic,
and in the cooling case, predominantly the insulating phase is
created, the overall behavior is very similar: the laser irradia-
tion switches a considerable percentage of the thin-film area
during the IMT from insulating to metallic (40% at 164 K) and
during the MIT from metallic to insulating (28% at 162 K).
Furthermore, in both cases, there is a temperature interval in
which a smaller amount of the minor phase (insulating at the
IMT and metallic at the MIT) is induced as well.

Figure 2(c) shows the filling factor of the insulating phase
before and after laser irradiation. The error bars of the before-
irradiation graphs are smaller compared to the after-irradiation
graphs because a larger area was used for determining the
filling factors before irradiation. Like the R(T ) curves shown
in Fig. 1(a), the before-irradiation curves are hysteretic due
to the first-order character of the IMT/MIT phase transitions.
Most importantly, the after-irradiation curves (dashed lines)
lay between the curves before irradiation and are almost iden-
tical for temperatures at 168 K and below (solid lines). This
implies that after irradiation, it is no longer possible to decide
(by means of the filling factor) whether the film was in the
heating or cooling branch. In this sense, laser irradiation above
the power threshold erases the thermal history of the V2O3

thin film.
The most intriguing result of this study is that laser ir-

radiation predominantly induces insulating domains in large

FIG. 2. Temperature dependence of metal and insulator filling
factors affected by laser irradiation of 460 µW. (a) Filling factors of
the metallic and insulating phases induced by laser irradiation during
heating. (b) Same filling factors during cooling. (c) Filling factors of
the insulating phase during one thermal cycle.

amounts during cooling. Considering the laser spot as a
local heat source, it is not surprising that laser irradiation
induces metallic domains since the metallic phase is the high-
temperature phase of the Mott transition. Indeed, we observe
this behavior during heating of the sample through the IMT.
However, the predominant laser-induced creation of insulating
domains during cooling is puzzling. In other words, why does
the effect of laser irradiation depend on the thermal history?
To answer this question, the thermodynamic nature of the
MIT/IMT of the V2O3 thin film must be considered.

The thermodynamic description of V2O3 thin films is the
subject of ongoing research [35–37]. The R(T ) hysteresis
and the associated latent heat indicate a first-order phase
transition. Moreover, it is recognized that at the MIT, three
phase transitions are coupled: first, an electronic transition
due to Mott-Hubbard charge carrier localization; second, a
magnetic transition from a paramagnetic-to-antiferromagnetic
state; and third, a structural transition from corundum to a
monoclinic crystal structure. Simultaneous to the Mott tran-
sition, there is the spontaneous separation in the metallic and
insulating phases forming herringbone domains [33].

As indicated in Ref. [29], these characteristic herringbone
domain patterns resemble the solutions of the Cahn-Larché
equation describing a phase separation due to spinodal
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decomposition of an elastically stressed system [38]. Other
studies also indicate that the IMT/MIT is associated with a
spinodal instability [39,40].

Due to the fundamental thermodynamic characteristics of
a first-order phase transition, the V2O3 thin film is in a
metastable superheated state during the IMT, and it is in a
metastable supercooled state during the MIT. The most likely
interpretation of our results is that the perturbation releases the
V2O3 thin film from its metastable state, and when the laser
spot moves to a new position, the thin film relaxes locally into
a stable state.

The general details on how the laser spot on the thin film
surface affects the metastability of V2O3 are elusive. As dis-
cussed above, laser-induced heating needs to be considered.
The V2O3 thin film is thermally coupled via the sapphire
substrate to the cold finger of the cryostat fixed at the set
temperature. The focused laser spot locally raises the film
temperature. Because the sapphire substrate has a high ther-
mal conductance, the coupling of the V2O3 film to the thermal
bath is expected to be strong. Consequently, the temperature
distribution relaxes in a new steady state on a fast time scale
when the laser spot position changes during the scanning
procedure.

As a further contribution to the open question of the laser
perturbation mechanism, we measured electrical transport
properties during minor thermal cycles to investigate how
heating affects a V2O3 thin film in the critical state at the
MIT. This procedure emulates a heat source that changes
the temperature gradually on a large length scale. A detailed
description and discussion of these additional experiments can
be found in Ref. [32] (Sec. IV). Although we found that a
minor heating cycle can indeed increase the resistance, the
effect is not strong enough to account for what we observed
in the laser irradiation experiment. Hence, additional effects
might be at play, for instance, a photoinduced change of the
3d-orbital occupation could trigger the formation of metallic
nanodroplets in the IMT [41].

To elaborate on the matter of metastability, we discuss
a phenomenological numerical model. In a two-dimensional
(2D) resistor network, each site can either be metallic or insu-
lating, depending on the local temperature, which is updated at
every simulation step. Solving Kirchhoff’s laws, currents, and
voltages on each site are determined. A first-order Landau-
type free energy functional provides stable and metastable
states separated by a barrier. The laser irradiation is imple-
mented in the model by decreasing the barrier height to drive
transitions between insulating and metallic states. For each
site, the escape from a metastable state was determined by
comparing random numbers to Boltzmann factors with a con-
stant number of iterations. If the escape criterion is fulfilled,
the transition probability is given by a Boltzmann distribution;
see Sec. V in Ref. [32] for details.

Our model reproduces the hysteresis in the R(T ) curves, as
shown in Fig. 3(a). Figure 3(b) shows the evolution of the fill-
ing factor of the insulating phase at different laser intensities.
With increasing laser intensity the hysteresis is diminished,
and eventually it is completely suppressed, similarly to the
experimental results in Fig. 2(c). In Fig. 3(c) we present a
simulation series of selected network maps before and after
laser exposure with moderate laser intensity (�/kB = 600 K),

FIG. 3. Results of numerical simulations based on a 2D resistor
network model. (a) R(T ) curves; arrows indicate heating (red) and
cooling (blue) branches. (b) Filling factors of the insulating phase vs
T , for various values of laser intensity �/kB = 0 (gray circles), 600 K
(green squares), and 1200 K (purple triangles). (c) Selected network
maps before laser exposure, after laser exposure with �/kB = 600 K,
and their corresponding differential images for two temperature val-
ues in the heating branch, as indicated with capital letters in (a).
(d) same as in (c) , for the cooling branch.

and their corresponding differential images. For heating, the
laser induces predominantly metallic sites [Fig. 3(c)] for cool-
ing insulating sites [Fig. 3(d)]. We note that during heating,
the majority of sites goes into a metallic state (indicated by
black squares in the differential maps), while a few sites revert
back to an insulating state (indicated by white squares in the
differential maps); this reproduces very well the experimental
results. Moreover, this behavior reverses in the cooling branch
[Fig. 3(d)], again in agreement with experimental observa-
tions. So, according to the simulations, the laser irradiation
enhances the process of relaxing the system from a metastable
state.

In conclusion, we can state that a V2O3 thin film in the
metastable state at the IMT/MIT is highly susceptible to a lo-
cal perturbation by a focused laser beam at the submicrometer
scale. Whether the laser perturbation predominantly creates a
metallic or insulating phase depends on whether the film is in
the heating or cooling branch. Our observations tell that the
laser beam brings the system from a supercooled/superheated
state to the equilibrium one, provided that the laser power
is sufficient to overcome corresponding energy barriers. This
implies that laser scanning irradiation can be used to effec-
tively erase thermal history and provides a method to reset
memristive devices locally. Our experiments may also be con-
sidered as a clear indication that external stimuli on a strongly
correlated thin film in a critical state can result in unexpected
and presumably nonthermal effects. Nonthermal effects have
been investigated in ultrafast pump-probe experiments on
VO2 and V2O3 [41–45]. In contrast, in our experiment we

L081108-4



LASER-INDUCED QUENCHING OF METASTABILITY AT … PHYSICAL REVIEW B 110, L081108 (2024)

have a quasistatic setting. The discoveries presented here in-
vigorate the emerging field of neuromorphic computing and
the research on strongly correlated materials out of equilib-
rium.
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Strongly correlated insulators, such as Mott or charge-transfer insulators, exhibit a strong temperature
dependence in their resistivity. Consequently, self-heating effects can lead to electrothermal instabilities
in planar thin-film devices of these materials. When the electrical bias current exceeds a device-specific
threshold, the device can switch from a high- to a low-resistance state through the formation of metallic
filaments. However, since the filaments are sustained by local Joule heating after they form, reducing the
bias current below a second threshold causes them to disappear, returning the device to the high-resistance
state. Hence, electrothermal resistive switching is usually volatile. Here, on the contrary, we report on
nonvolatile resistive switching in a planar NdNiO3 thin-film device. By combining electrical transport
measurements with optical wide-field microscopy, we provide evidence for a metallic filament that persists
even after returning the bias current to zero. We attribute this effect to the pronounced hysteresis between
the cooling and heating branches in the resistance versus temperature dependence of the device. At least
100 intermediate resistance states can be prepared, which are persistent as long as the base temperature is
kept constant. Further, the switching process is nondestructive, and thermal cycling can reset the device to
its pristine state.

DOI: 10.1103/h98b-4438

I. INTRODUCTION

The emerging field of neuromorphic computing
involves the research and development of hardware and
computing paradigms that can effectively mimic the essen-
tials of biological neural networks [1–4]. Resistive switch-
ing devices are particularly relevant because these simple
two-terminal devices can emulate two central neuromor-
phic features due to their memristive behavior [5–9]. First,
with volatile resistive switching devices, it is possible to
mimic the threshold behavior of neurons [10–14]. Second,
with nonvolatile resistive switching devices, it is possible
to emulate the information storage capability of synapses
[5,15–18]. Resistive switching devices abruptly change
their intrinsic resistance if their electrical bias exceeds a
device-specific threshold. While volatile resistive switch-
ing devices are restored to their original resistance state
at low electrical bias, the resistance change in nonvolatile
resistive switching devices is persistent.

*Contact author: kleiner@uni-tuebingen.de
†Contact author: stefan.guenon@uni-tuebingen.de

Various material systems showing different resistive
switching effects are currently being investigated [19–22].
The present work concerns strongly correlated insulator
thin-film devices, which are gaining increasing attention
in this research context. These materials, which show
a pronounced increase in resistivity at low temperatures
due to electron-electron interaction, include Mott [23]
and charge-transfer insulators [24–26]. Strongly correlated
insulator thin-film devices have a unique feature: the tem-
perature dependence of the resistivity causes electrother-
mal instability, which can trigger resistive switching due
to the formation of a metallic filament [27–34]. Because
the electrothermal filament is sustained by local Joule heat-
ing, it should disappear at small bias currents. Hence,
electrothermal resistive switching in strongly correlated
insulator thin-film devices is expected to be volatile.
Indeed, most studies on planar strongly correlated insulator
thin-film devices demonstrate volatile resistive switching
[32,34–37]. However, some studies report on nonvolatile
resistive switching due to a hysteretic resistance versus
temperature relation [38–50].

Here, we report on nonvolatile resistive switching in
a planar two-terminal device based on NdNiO3 (NNO).

2331-7019/25/24(3)/034014(8) 034014-1 © 2025 American Physical Society
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NNO is a charge-transfer insulator that exhibits a con-
comitant metal-to-insulator, structural, and magnetic phase
transition [51,52]. In NNO thin films, the transition tem-
perature is highly sensitive to the degree of epitaxial strain
between film and substrate as well as the crystallographic
orientation of the substrate surface [53–55]. By combining
electrical transport measurements with optical microscopy,
we demonstrate that the nonvolatile resistive switching
is accompanied by the formation of a metallic filament
that persists even at zero currents. We argue that the fila-
ment formation process is nevertheless electrothermal and
that the filament persists due to the pronounced hystere-
sis in the resistance versus temperature relation of the
charge-transfer insulator device.

II. SAMPLE AND METHOD

The sample under investigation consists of planar, two-
electrode NNO thin-film devices. Figure 1(a) shows a
schematic of the device with its dimensions indicated. The
7-nm-thick NNO film was grown epitaxially via pulsed
laser deposition from a stoichiometric NNO target on a
(110)-oriented NdGaO3 single crystalline substrate. The
deposition temperature was 730◦C, the oxygen partial
pressure was 0.5 mbar, and the KrF excimer laser pulse
rate was 2 Hz with an energy density of 1.6 J cm−2.
The film was annealed in a 1-bar oxygen atmosphere at
690◦C for 30 min. As a result, the films show a sharp
metal-to-insulator transition (MIT) with hysteretic behav-
ior between approximately 155 and 175 K upon cooling
and warming [56]. See the methods section and supple-
mental material of [56] for more details on the growth
and physical properties of NNO thin films prepared by
this growth procedure. The metal electrodes on the con-
tinuous NNO film were structured via optical lithography
and a liftoff process. The Ti buffer layer and the Au layer
were deposited by electron-beam evaporation with a total
thickness of 110 nm.

This study used the wide-field mode of a high-resolution
polarizing microscopy setup described in detail in [57,58].
A schematic of the setup is depicted in Fig. 1(b). The sam-
ple is mounted in a vacuum on the cold finger of a liquid
helium continuous-flow cryostat with a temperature range
of 4.2 to 300 K. The system facilitates simultaneous elec-
trical transport measurements and imaging via wide-field
microscopy. We used a Keithley 2400 Sourcemeter for the
electrical transport measurements as a current source. The
spatial resolution of the microscope is 0.48 µm with a
532-nm monochromatic LED illumination.

III. RESULTS

Figure 1(c) shows the resistance R versus temperature T
curve of the device acquired during thermal cycling. This
means that the sample was cooled from 200 K to 80 K
and subsequently heated to 200 K. The strong resistance

(a)

(b)

(c)

continuous-flow
cryostata

FIG. 1. (a) Schematic of the two-terminal planar device with
metal electrodes on top of a continuous NNO thin film. (b)
Schematic of the wide-field microscopy setup. (c) R(T) curves
of the device acquired with a current I = 100 µA during thermal
cycling. The arrows indicate the sweep direction. The cooling
branch is shifted from the heating branch to lower temperatures
by approximately 15 K. For the electrical transport measure-
ments, the thermal cycling was halted during heating at the
targeted base temperature of 167 K indicated by a vertical dashed
line. This procedure leaves the device in an insulating state on the
heating branch (point 1). Heating the device above the insulator-
to-metal transition temperature (point 2) and cooling it to the
original base temperature puts it into a low-resistance, metallic
state (point 3).

change between 158 K and 154 K in the cooling branch
is indicative of an MIT of the NNO thin film, whereas
the resistance change between 170 K and 175 K in the
heating branch indicates an insulator-to-metal transition
(IMT). The hysteresis between the MIT and IMT indicates
a first-order thermodynamic phase transition, and the steep
R(T) curves at the MIT and IMT suggest high film qual-
ity [56]. Furthermore, there is a broad temperature interval
for which the device is entirely metallic during cooling

034014-2
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and insulating during heating (marked by the gray area in
Fig. 1(c). The hysteretic R(T) behavior implies that ther-
mal history can significantly impact the electrical transport
properties.

To demonstrate nonvolatile, multistate resistive switch-
ing, we halted the thermal cycle at 167 K during heating,
leaving the device in an insulating state [see Fig. 1(c)].
Then we applied a sequence of triangular current sweeps,
ramping the current I from zero to a maximum current Imax
and back to zero [see the lower inset of Fig. 2(a)]. Within
this sequence Imax was first set to 1 mA and subsequently
increased in 25-µA steps up to 2 mA. Figure 2(a) shows
the current I versus voltage V curves recorded through-
out the entire sweep sequence. The zoomed-in I(V) curves
[upper inset in Fig. 2(a)] show that even at near-zero cur-
rents, the resistance after each cycle does not return to its
initial state, confirming nonvolatile resistive switching.

Moreover, with increasing number of sweeps (increas-
ing Imax), the conductance (slope of the I(V) curves) mono-
tonically increases. To illustrate this more quantitatively,
Fig. 2(b) shows the dependence of the conductance I/V at
small bias current I = 100 µA and at Imax as a function of
Imax recorded on the return branch of each current sweep.
This observation clearly shows that we can create multiple
states by choosing different values for Imax.

In addition, we repeated the sweep sequence with a
smaller step size of 10 µA for Imax [Fig. 2(c)]. As shown,
100 intermediate states can be prepared. This suggests that
storing information in an analog state with high resolution
in the device might be possible. Further, the interme-
diate states are stable if the base temperature remains
unchanged, whereas these nonvolatile states can be erased
through thermal cycling, restoring the device to its initial
state.

(a) (b)

(c)

(d)

1 mA 1.125 mA 1.25 mA 1.6 mA 1.75 mA 2 mA

20 µm

FIG. 2. Nonvolatile electrothermal resistive switching in an NNO two-terminal thin-film device initially prepared in the high-
resistance state at T = 167 K [point 1 in Fig. 1(c)]. (a) Current-voltage loops measured by applying triangular current sweeps. The
lower inset shows the first five sweeps, ramping I from zero to Imax and back in 100-µA steps with a 0.5-s time interval. The current
interval was reduced to 25 µA for the highest current steps when this was necessary to meet the targeted Imax. Imax is consecutively
increased from 1.0 mA (loop A) in 25 µA steps up to 2.0 mA (loop F). Note that the up-sweeps are almost congruent with the down-
sweeps of the preceding loop, except in the small section before reaching the maximum current. The upper inset provides a zoomed-in
view of the graph’s origin. (b) Device conductance versus Imax of the preceding sweep. The black filled squares represent the device
conductance at small bias currents (100 µA), while the gray filled triangles show the device conductance scaled by a factor of 0.2 at
Imax. The blue filled dots show the corresponding filament width extracted from photomicrographs. (c) Series of current-voltage loops
with Imax increased in 10-µA steps demonstrating the information storage capability of the device. (d) Photomicrographs (differential
images) of the device at I = 0 after the corresponding current-voltage loops have been acquired. In B–F, the metallic filament is clearly
visible. Bottom labels denote Imax.
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To investigate the observed nonvolatile, multistate resis-
tive switching further, we recorded wide-field photomicro-
graphs of the device at the end of every single current
sweep loop, that is, after returning to zero bias current.
Figure 2(d) shows a series of photomicrographs taken after
loops A–F. These are differential images, with the pristine
device image [captured after preparing the device at point
1 in Fig. 1(c) and before initiating the current sweeps] sub-
tracted to enhance contrast. The rectangles at the top and
bottom are the metal electrodes of the two-terminal device.
Understanding the photomicrographs requires recogniz-
ing that metallic and insulating regions of the NNO thin
film have distinct reflectivity, with metallic areas appearing
darker than insulating ones [34].

Clearly, Fig. 2(d) illustrates that a metallic (dark) fila-
ment connects the two electrodes and we find that even
after returning the current to zero, this filament persists.
Moreover, with increasing Imax the width of the filament
increases. We estimated the filament width from the opti-
cal images and plotted it against Imax in Fig. 2(b). Because
the filament is lacking clear demarcation, the estimate
has an error of several micrometers. Notably, the mono-
tonic increase in conductance correlates with a monotonic
increase in filament width. The series of images shown in
Fig. 2(d) can explain the observed nonvolatile, multistate
resistive switching: We find that even after returning to
I = 0 a metallic filament persists, which causes a slight
increase in the overall conductance of the device, and the
observed increase in filament width with increasing Imax
accounts for the increase in conductance with increasing
Imax, generating multiple resistive states.

IV. DISCUSSION

The high crystalline quality and phase purity of the NNO
film lead to very steep changes in the resistance across the
IMT and MIT, while the hysteretic temperature regime is
broad, with an interval of at least 10 K, in which the thin
film is in a high-resistivity insulating state during heating
and a low-resistivity metallic state during cooling. It is this
separation of the IMT and MIT that is responsible for the
nonvolatile behavior as will be discussed in the following.
Note that the base temperature for the electrical transport
measurements [Fig. 1(c)] lies precisely in this interval.

We argue that the resistive switching and the filament
formation result from electrothermal instability, driven by
the steep decline in R(T) due to the IMT, as reported in sev-
eral studies [27,28,30,32,34]. At currents above a certain
threshold, a uniform current distribution becomes unstable
as small perturbations in current density are amplified by
localized Joule heating, lowering the sheet resistance of the
surrounding strongly correlated insulator thin film. This
feedback mechanism funnels more and more current into
a small section, causing resistive switching. At the end of
the resistive switching event, a metallic filament is formed

between the two electrodes of the device, reducing its resis-
tance. The electrical current flows almost entirely through
the metallic filament, which creates a considerable amount
of Joule heating confined in a small area. The local excess
temperature caused by the Joule heating is high enough
to keep the strongly correlated insulator thin film above
the IMT temperature in the metallic state [note points 1
and 2 in the R(T) curve depicted in Fig. 1 (c)]. In this
manner, Joule heating sustains and stabilizes the metal-
lic filament. If the current is increased further after the
device has switched to the low-resistance state, the Joule
heating in the filament is increased, and as a result, the
filament becomes wider. Equivalently, the filament width
would scale down when the current is reduced. However,
in case of the NNO device of this study, the metallic fila-
ment width cannot shrink because the NNO film is locally
trapped in the metallic state due to the thermal hysteresis
[consider point 3 in Fig. 1(c)], and this persists even at zero
current.

Next, we address the case when the electrical current is
increased from zero bias after a metallic filament already
exists. Most of the current is confined to the filament. For
small currents, the Joule heating is insufficient to raise the
local temperature above the threshold of the IMT, and the
filament does not change. Consequently, the up-sweep I -V
curves in Fig. 2(a) are almost congruent with the down-
sweep curves of the preceding loops. However, suppose
the current is increased above the maximum value that was
applied to form the filament before. In that case, the excess
temperature created by Joule heating in its vicinity is high
enough to metalize additional NNO film areas, and the fil-
ament width increases. With this mechanism, intermediate
resistance states can be prepared [see Figs. 2(a) and 2(c)].

Figure 2(b) illustrates the relationship between the max-
imum current (Imax) and the filament width derived from
photomicrographs. The filament width exhibits a mono-
tonic increase with rising Imax, consistent with a Joule
heating-driven electrothermal mechanism. This widening
of the filament corresponds to an expansion of the metallic
shunt, leading to enhanced device conductance, as depicted
by the curve with gray filled triangles. When the current is
reduced from a given Imax to a lower value, the filament
width remains constant. However, the device conductance
decreases due to the nonlinear current-voltage relation.
Hence, the conductance values of the black square curve,
representing conductance at low currents, are lower than
those of the gray triangle curve.

In the photomicrograph showing the device after the first
current-voltage loop with a nonvolatile resistance change
[Fig. 2(d) A], no metallic filament is visible. This behav-
ior aligns with findings from previous studies [39,43,46].
Driscoll et al. [39], in their survey of VO2 devices, pro-
posed that metallic puddles form at the nanoscale due to
a localized increase in Joule heating, resulting from the
percolative nature of the material.
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We also explored resistive switching at a base tem-
perature lower than that at 167 K discussed above. At
162 K and 160 K, we found that the resistive switching is
abrupt rather than gradual, making it impossible to prepare
intermediate states (see Appendix).

V. CONCLUSION

In conclusion, we have demonstrated nonvolatile elec-
trothermal resistive switching due to the formation of a
persistent metallic filament. Unlike an ion-migration form-
ing process in electronic oxide resistive switching devices,
the filament is created due to electrothermal instability. The
filament configuration is spatially fixed due to the distinct
separation of the heating and cooling branches in the resis-
tance versus temperature relation. We have demonstrated
that the device can be prepared in at least 100 states with
different resistances, which are stable as long as the tem-
perature is kept constant. The original pristine state can
be restored by thermal cycling. Although the nonvolatile
resistive switching is, in this sense, not permanent, elec-
trothermal resistive switching devices offer considerably
higher endurance than devices based on ion displacement,
which makes them attractive candidates for applications
where information needs to be stored and erased at high
frequencies. Our report on a nonvolatile resistive switch-
ing device, which is based on electrothermal instability,
not only underscores the potential of strongly correlated
insulator thin-film devices but also opens up exciting pos-
sibilities for their application in neuromorphic systems,
for example, using their information storage capacity for
recording synaptic weights.
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APPENDIX: RESISTIVE SWITCHING AT
DIFFERENT BASE TEMPERATURES

In addition to studying resistive switching at the base
temperature of 167 K (as discussed in the main text), we
investigated resistive switching at lower temperatures by
applying three consecutive current sweeps (at each base
temperature) after the sample was brought into a pristine
state via thermal cycling. All base temperatures fall in the

(a) (b)

(c)

(e) (f)

(d)

20 µm

FIG. 3. Nonvolatile resistive switching at different base tem-
peratures in an interval above the MIT and below the IMT. (a)
R(T) curves (cooling and heating branches) with I = 100 µA.
The four base temperatures are indicated by vertical dashed lines.
(b) Photomicrographs acquired at 1.4 mA bias current [the bias
points during imaging are indicated by black crosses in (c)–(f)]
after the device has switched into a low-resistance state. (c)–(f)
Current versus voltage curves acquired during three consecutive
current sweeps from zero to 1.8 mA bias current and back to
zero after the device was brought into a pristine state via thermal
cycling. Black curve: first current sweep. Red curve: second cur-
rent sweep. Green curve: third current sweep. Red dots indicate
the bias points at the breakdown voltage.

bistable interval between the MIT and IMT [Fig. 3(a)].
Figure 3(b) depicts photomicrographs of the device at a
bias current of 1.4 mA during the increasing current sweep
of the first loop. All images are differential images, that is,
the image of the pristine device was subtracted to enhance
contrast. The current versus voltage curves are plotted in
Figs. 3(c)–3(f).

The I -V curves acquired at the two lower temperatures
(160 and 166 K) both show abrupt resistive switching in
the first loop, indicated by an almost horizontal line. The
up- and down-sweep curves of the second and third loop lie
precisely on top of the down-sweep curve of the first loop.
Hence, the resistive switching is nonvolatile. The corre-
sponding photomicrographs in Fig. 3(b) that were acquired
immediately after the resistive switching event show a
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broad metallic filament extending almost over the whole
area between the electrodes.

In contrast, the current-voltage curves acquired at the
two higher temperatures (165 and 167 K) do not show
abrupt but gradual switching in the up-sweep of the first
loop. Again, the down-sweep of the first loop and the up-
and down-sweeps of the subsequent loops are congruent,
indicating nonvolatile resistive switching. The correspond-
ing photomicrographs in Fig. 3(b) show that the filaments
are considerably narrower than the electrodes.

To explain the differences between resistive switching at
different base temperatures, consider the bias point in the
up-sweep of the first loop at the breakdown voltage (red
dot in the I -V curve), that is, right before the first resis-
tive switching event. First, note that the breakdown voltage
becomes larger with lower base temperatures. Second, the
current required to trigger resistive switching is noticeably
increased in the case of the two lower base tempera-
tures. Combining these two observations, we can conclude
that decreasing temperature increases the electric power
required to cause resistive switching. Considering that the
resistive switching is due to an electrothermal effect, this
makes sense. Since, at low temperatures, the excess tem-
perature to reach the metallic state is large, more Joule
heating is needed to bring the device into the electrical
bias regime where the system becomes electrothermally
unstable. The considerably broader filament at low temper-
atures is likely the result of an electrical current overshoot,
caused either by a parasitic capacitance or by a lag in the
control circuit of the current source. Due to this current
overshoot, the section between the electrodes is temporar-
ily heated above the IMT temperature; as in the main text,
the pronounced hysteresis of the R(T) curve freezes this
state.

Regarding the gradual resistive switching observed
at the two higher base temperatures (T = 165 K and
T = 167 K), such an I -V shape in an electrothermal unsta-
ble device is not new and was, for instance, observed
during electrothermal switching (hot spot formation) in
Bi2Sr2CaCu2O8 terahertz emitters [60], where it can be
attributed to the fact that the three-dimensional charac-
ter and the boundaries of the system affect temperature
redistribution. Similar effects could be at play in the case
of the NNO device at base temperatures near the IMT.
For instance, the metallic electrodes of the two-terminal
device provide thermal cross-coupling, affecting the tem-
perature distribution. Another explanation for the gradual
resistive switching might be that the current and temper-
ature redistribution mechanism responsible for filament
formation is impeded by the creation of isolated metallic
domains (smaller than the spatial resolution of the micro-
scope) when the device is electrically biased for the first
time after thermal cycling. This creates a network of per-
colation paths between the electrodes, which prevents the
electrical current from being funneled exclusively in a

small section of the device. Therefore, the resistive switch-
ing is gradual during the first current up-sweep. This might
also explain why the filament cannot be observed in the
photomicrograph acquired after loop A [Fig. 2(d)].
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Sangyeop Lee, Xi Chen

Correspondence

sylee@pitt.edu (S.L.), 
xichen@ucr.edu (X.C.)

In brief

Pronounced size effects in hydrodynamic 

phonon transport are typically confined to 

the micrometer scale. Guo et al. show 

that, in SrTiO 3 , ferroelastic domain walls 

generate an anomalous millimeter-scale 

size dependence. By narrowing the 

sample width, they reveal that increased 

domain wall density progressively 

suppresses phonon Poiseuille flow, 

identifying domain wall engineering as a 

powerful strategy for tailoring 

hydrodynamic heat transport at 

cryogenic temperatures.

Guo et al., 2026, Newton 2, 100407

June 1, 2026 © 2026 The Author(s). Published by Elsevier Inc. 
https://doi.org/10.1016/j.newton.2026.100407 ll



Article

Domain-wall-driven anomaly
in hydrodynamic phonon transport in SrTiO 3
Shucheng Guo, 1,6 Farnaz Tahouni-Bonab, 2,6 Jinchen Han, 3,6 Jiaming He, 4 Thomas Hoke, 1 Dieter Koelle, 2 
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SUMMARY

Hydrodynamic phonon transport, a collective viscous-like Poiseuille heat flow, is an intriguing regime in 
solids. Here we show that in quantum-paraelectric strontium titanate (SrTiO 3 ), this transport exhibits an 
anomalous millimeter-scale size dependence, unlike other materials where pronounced size effects appear 
only when sample dimensions approach the phonon mean free path. Narrowing high-purity crystals from 1.5 
to 0.3 mm suppresses the super-cubic upturn in thermal conductivity and the Poiseuille shoulder in thermal 
diffusivity in the 6- to 13-K range, alongside a systematic shift of the Knudsen minimum to higher tempera-

tures, signaling a hydrodynamic-to-ballistic crossover. Polarized optical microscopy, first-principles phonon 
calculations, and thermal transport analysis reveal ferroelastic domain walls—with average spacing following 
Kittel-Roitburd scaling—acting as dominant diffuse internal boundaries. These findings establish ferroelastic 
domain wall engineering as a knob for size-tailored hydrodynamic heat transport, enabling cryogenic thermal 
management and phononic device design.

INTRODUCTION

Phonon hydrodynamics describes a heat-transport  regime 

where phonons move collectively like a fluid, driven by the

predominance of momentum-conserving normal  scattering 

events. 1–5 Its prototypical manifestation is phonon Poiseuille 

flow, which appears when the hierarchy

l N ≪ d ≪ l R  (Equation 1)

ACCESSIBLE OVERVIEW  Heat transport in insulating crystals is typically diffusive, dominated by random 

phonon scattering similar to gas molecules. However, a rare ‘‘hydrodynamic’’ regime exists where phonons 

flow collectively like a viscous fluid. While the size dependence of such fluid-like behavior is conventionally 

limited to micrometer scales, we demonstrate that high-purity SrTiO 3 breaks this expectation. By system-

atically reducing the crystal width from about 1.5 to 0.3 mm at fixed length and thickness, we observe a pro-

gressive suppression of key hydrodynamic signatures—specifically, the super-cubic upturn in thermal 

conductivity—in the 6- to 13-K window. This suggests that boundaries much smaller than the macroscopic 

crystal dimensions disrupt collective heat flow. Combining optical microscopy and first-principles calcula-

tions, we identify ferroelastic domain walls—internal boundaries formed below the antiferrodistortive tran-

sition—as the origin. As the crystal width decreases, these domain walls pack more densely, forming a 

dense internal network that scatters phonons and overrides the physical sample size as the dominant 

length scale. Our findings establish ferroelastic domain wall engineering as a composition-independent 

route to tailor collective heat flow, offering new approaches to control thermal transport in quantum mate-

rials.
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is satisfied, in which l N is the phonon mean free path (MFP) asso-

ciated with normal scattering, d denotes the characteristic sam-

ple dimension, and l R represents the phonon MFP for resistive 

processes set by Umklapp and other momentum-destroying in-

teractions (Figure 1A). 2 Within this window, normal collisions 

redistribute momentum among phonons more rapidly than it is 

dissipated into the lattice, 4–7 producing two hallmarks of phonon 

hydrodynamics: (1) a thermal conductivity (κ) that increases

faster than the conventional cubic temperature (T 3 ) dependence 

observed in the ballistic regime 2–4  and (2) a non-monotonic 

effective phonon MFP (l ph ) whose peak value is expected to 

exceed d (Figure 1B). 8–11 Consequently, the heat flux profile is 

viscous and parabolic, directly analogous to laminar flow in 

classic hydrodynamics (Figure 1C). 3,12,13

Experimental evidence of phonon hydrodynamics has been 

reported in several materials, ranging from graphite 20–22 and

Figure 1. Overview of phonon hydrodynamics and the structural transition in SrTiO 3
(A) Temperature dependence of the phonon-phonon normal (l N ) and resistive Umklapp (l R ) scattering MFPs. Both increase as the temperature decreases, with l N 
growing less rapidly. At sufficiently low temperatures, both exceed the sample dimension (d), indicated by the horizontal dashed line. Three transport regimes are 

illustrated. In the ballistic regime (blue), boundary scattering dominates. In the diffusive regime (green), Umklapp scattering dominates. In the hydrodynamic 

regime (red), normal scattering dominates, while boundary scattering is more frequent than Umklapp scattering.

(B) Schematic evolution of the effective phonon MFP (l ph ) as a function of temperature. In the hydrodynamic regime, l ph can be larger than d.

(C) Steady-state heat flux profile in the hydrodynamic regime under a temperature gradient. The parabolic-like profile reflects the collective motion of phonons 

due to momentum-conserving normal scattering.

(D and E) Crystal structures of SrTiO 3 in the cubic phase (above 105 K) and tetragonal phase (below 105 K).

(F) Simulated powder XRD patterns derived from single-crystal XRD data collected at 180 K for the cubic phase and 80 K for the tetragonal phase.

(G and H) Polarized optical micrographs of the same region from a single-crystal SrTiO 3 , taken before and after the AFD transition at 105 K. Scale bar: 100 μm. 

(I) Temperature-dependent thermal conductivity of SrTiO 3 , with the present measurements overlaid on literature-reported data. 14–19 The shaded region indicates 

the cubic-to-tetragonal structural transition at 105 K.
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bismuth 8  to solid hydrogen 10 and helium isotopes ( 3 He and
4 He). 9,11 Size-dependent phonon Poiseuille flow has been de-

tected in black phosphorus and graphite, where l ph reaches hun-

dreds of micrometers at cryogenic temperatures. 23,24 Reducing 

d from a scale of millimeters down to a scale of tens of microme-

ters significantly enhances boundary scattering and suppresses 

hydrodynamic phonon transport. Furthermore, by incorporating 

ab initio phonon dispersions and scattering rates into Callaway’s 

dual relaxation time Boltzmann framework, Guo et al. demon-

strated that, in the hydrodynamic regime, transverse confine-

ment (sample width w) leads to l ph ≃ w 2

l N
, whereas longitudinal 

confinement makes l ph  comparable to the sample length. 25 

End-facet scattering suppresses the phonon Knudsen mini-

mum predicted  for an  infinitely  long graphite  ribbon, and 

the minimum re-emerges only when the sample length exceeds 

w by about 5–10 times. These findings are essential for devel-

oping advanced  thermal management strategies  in micro-

and nanoelectronics as well as for guiding the rational design 

of phononic devices such as thermal diodes, rectifiers, and 

heat-dissipating metamaterials. 26–28

Strontium titanate (SrTiO 3 ) is a versatile platform for thermal 

and electronic technologies owing to its high melting point, 29 

excellent thermal stability, 29  large dielectric constant, 30  and 

intrinsic photocatalytic activity. 31 These attributes enable its 

deployment in thermoelectric generators, 32 terahertz metama-

terial substrates, 33 high-capacitance dielectrics, 34 and energy 

conversion catalysts. 35 Beyond its technological uses, SrTiO 3 
is an ideal platform for investigating hydrodynamic phonon 

transport because its quantum-paraelectric lattice dynamics 36 

naturally favor the required scattering hierarchy. It hosts two 

low-energy soft modes, a Γ-point ferroelectric transverse opti-

cal branch, and an R-point antiferrodistortive (AFD) branch 

and undergoes a cubic-to-tetragonal AFD transition near 105 

K, where adjacent TiO 6 octahedra tilt in opposite directions 

(Figure 1D and 1E), breaking cubic symmetry. 37–39 These soft 

modes remain thermally populated to unusually low tempera-

tures and strongly hybridize with acoustic branches, which 

enlarges the phase space for momentum-conserving normal 

scattering and shortens l N , establishing the timescale ordering

τ N ≪τ B ≪τ R needed for hydrodynamic flow, where τ N , τ B , and

τ R  represent the relaxation times for normal, boundary, and 

resistive scattering, respectively. In the vicinity of the AFD tran-

sition, the low-energy R-point branch provides an efficient Um-

klapp channel that sharpens the separation between ballistic, 

hydrodynamic, and kinetic regimes. Experimentally, low-tem-

perature Brillouin scattering spectra revealed a doublet charac-

teristic of second sound, 40,41 and thermal transport measure-

ments showed a significant rise in κ surpassing the canonical 

T 3 dependence at low temperatures, clearly signaling the onset 

of phonon Poiseuille flow. 14

Given that l ph in SrTiO 3 is only a few microns at cryogenic tem-

peratures, 14 its κ is expected to be largely insensitive to macro-

scopic variations in d. However, this presumed robustness limits 

the precision with which heat flux can be sculpted in hydrody-

namic regimes. To date, no systematic, geometry-resolved 

study has quantified how phonon hydrodynamics in SrTiO 3 
respond to deliberate changes in d. Addressing this gap is 

essential not only for clarifying the microscopic mechanics of

momentum-conserving phonon flow in perovskite oxides but 

also for engineering mesoscopic architectures and quantum 

paraelectric devices that exploit size-tunable hydrodynamic 

heat transport for thermal management and energy routing.

In this work, we reveal an unconventional millimeter-scale size 

dependence of hydrodynamic phonon transport in SrTiO 3 single 

crystals, finding pronounced dimensional effects that persist 

even when d exceeds l ph by several orders of magnitude. We 

attribute this unexpected dimensional sensitivity to ferroelastic 

domain wall (FDW) engineering. By systematically reducing w 

in the millimeter range, we observe the progressive suppression 

and eventual disappearance of phonon Poiseuille flow. Polar-

ized optical microscopy shows that the average FDW spacing

(average domain size, Λ) decreases as w is reduced. Further-

more, first-principles calculations of the full phonon dispersion, 

combined with theoretical analysis of low-temperature ballistic

transport, reveal that Λ follows the Kittel-Roitburd relation,

Λ∝
̅̅̅̅
w 

√ 
. Together with a w-dependent evaluation of the Umklapp

activation energy in the Ziman regime, these observations are 

consistent with a scenario in which diffuse boundary scattering 

at FDWs provides the dominant resistive channel responsible 

for this unanticipated size effect. Our findings thus establish a 

direct, quantitative relationship between macroscopic crystal 

geometry and microscopic phonon hydrodynamics, highlighting 

domain wall engineering as a powerful strategy for tailoring ther-

mal transport in quantum-paraelectric oxides.

RESULTS

To investigate the size dependence of hydrodynamic phonon 

transport in SrTiO 3 , we systematically measured κ of (001)-ori-

ented single crystals sourced from three commercial suppliers. 

Single-crystal X-ray diffraction (XRD) conducted at 180 and 80 

K verified the cubic-to-tetragonal AFD transition (Figure 1F; 

Table S1). In the tetragonal phase below 105 K, polarized optical 

microscopy revealed multiple ferroelastic domains, typically only 

a few microns across (Figure 1G and 1H), consistent with previ-

ous reports. 42,43 A detailed temperature-dependent evolution of 

tetragonal domains from 110 to 10 K is presented in Figure S1. 

Figure 1F shows the measured κ of our crystal in comparison 

with literature data. 14–19 Previous studies by Martelli et al., 14 

Dehkordi et al. 18 and Yu et al. 19 demonstrated that even trace im-

purities can significantly disrupt the temperature dependence of

κ in SrTiO 3. Thus, the close agreement between our measure-

ments and literature data confirms the high crystalline quality 

of our samples.

To specifically isolate the influence of sample dimensions on 

thermal transport, we maintained constant effective length and 

thickness for each sample while systematically reducing w 

through mechanical polishing. Details of the sample parameters 

(Table S2), measurement procedures, and uncertainty analysis 

are provided in the supplemental information. This approach en-

sures that any variation in κ reflects w-dependent effects rather 

than  other  geometric  factors  or  sample-specific  inconsis-

tencies. As shown in Figure 2A, samples with different w derived 

from the same parent crystal exhibit a similar temperature 

dependence of κ. The w-dependent κ values for two additional 

single crystals are presented in Figure S2. Interestingly, in the
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cubic phase (above 105 K), κ remains largely invariant across w 

(Figure 2B). However, upon cooling below 105 K into the tetrag-

onal phase, a pronounced w dependence emerges, especially 

near 25 K (Figure 2B), accompanied by a noticeable peak shift 

(Figure S3). Such behavior is typically indicative of enhanced 

phonon-boundary scattering. 44 To eliminate experimental arti-

facts, we also measured κ for KTaO 3 , a perovskite crystal 

without an AFD transition, and observed similar κ over the entire 

temperature range for two samples with different w (Figure 2C). 

Below the peak temperature, a noticeable shoulder feature

appears in the κ
T 3

plots (Figures 2D and S4). Within the narrow 

window between 6 and 13 K, previously identified as the Pois-

euille regime in SrTiO 3 ,
14  κ

T 3
exhibits an upturn. This indicates 

that κ grows faster than T 3 , a hallmark of phonon hydrody-

namics. 2–4 As w decreases, this shoulder is progressively sup-

pressed and eventually vanishes. To explicitly visualize hydrody-

namic phonon behavior, we plot κ against T 3 below 10 K for 

samples with different w (Figures 2E and S5). In wider samples,

κ rises faster than T 3 , indicative of phonon Poiseuille flow. As w 

narrows, the scaling exponent gradually approaches the ballistic

Figure  2. Suppression  of  hydrodynamic 

phonon  transport  driven  by  transverse 

dimensional confinement

(A) Temperature-dependent thermal conductivity 

of SrTiO 3 for samples with varying widths, plotted 

on a  log-log scale. Distinct phonon  transport 

regimes—ballistic  (blue),  Poiseuille  flow  (red), 

Ziman (yellow), AFD fluctuations (orange), and ki-

netic  (purple)—are  identified  by  background 

shading. 2,6,7

(B) Thermal conductivity of SrTiO 3 at 300, 110, and 

25 K as a function of w. Inset: schematic of an 

SrTiO 3 single crystal with crystallographic orien-

tation. Error bars denote the measurement un-

certainty of κ.

(C) Temperature-dependent thermal conductivity 

of KTaO 3 for samples with varying widths, plotted 

on a log-log scale.

(D) Thermal conductivity normalized by T 3 as a 

function of temperature. The shaded areas denote

the estimated uncertainty of κ/T 3 .

(E and F) Thermal conductivity plotted against T 3, 

with silicon data reported by Glassbrenner et al. 

used as a reference. 45 The upward deviation of 

thermal conductivity from linearity indicates the 

onset of hydrodynamic behavior. The solid lines 

represent linear fits to data below 6 K (ballistic 

regime) and are extrapolated to 10 K. These fits 

follow the relation κ∝T 3 . The shaded areas denote 

the measurement uncertainty of κ.

limit  (κ∝T 3 ) and ultimately  falls below 

that trend at still smaller w (Figure 2F). 

This  downward  deviation  mirrors  the 

non-hydrodynamic  transport  reported 

for silicon, 45 suggesting that dimensional 

confinement suppresses phonon hydro-

dynamics in SrTiO 3 . 

To elucidate this w-dependent phe-

nomenon,  we  measured  the  specific 

heat (C) of SrTiO 3 , which closely matches reported data below 

50 K (Figure S6) and evolves faster than T 3  in the Poiseuille 

regime (Figure 3A). Because SrTiO 3 is an insulator, κ is primarily 

governed by phonons, expressed as 46

κ = 
1

3 
C〈v〉l ph ;  (Equation 2)

where 〈v〉 denotes the average phonon velocity (details are pro-

vided in the supplemental information). To isolate the intrinsic 

phonon transport characteristics from the impact of C, thermal 

diffusivity D th was calculated as

D th  = 
κ

Cρ 
;  (Equation 3)

where ρ is the mass density of SrTiO 3 . Figures 3B and S7 reveal 

that D th  exhibits a non-monotonic temperature dependence, 

another hallmark of phonon Poiseuille flow. 8–11 Specifically, it fea-

tures a pronounced local minimum, known as the Knudsen mini-

mum, which delineates the transition from ballistic to Poiseuille 

transport and is followed by a distinct maximum. Notably, as w
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decreases, this non-monotonic behavior gradually weakens, 

transitioning into a purely monotonic decline that signifies the 

suppression and eventual disappearance of phonon Poiseuille 

flow.

To further illustrate this evolution, Figures 3C and S8 present

D th normalized by its minimum value Dmin
th . The resulting curves

clearly show a progressive suppression of the non-monotonic 

temperature profile with decreasing w. Simultaneously,  the 

Knudsen minimum shifts systematically toward higher tempera-

tures as w narrows (Figure 3D). Similar behavior has been re-

ported  in black phosphorus and bismuth, attributed to the 

competition between enhanced diffuse boundary scattering, 

arising  from  the  reduced characteristic d and momentum-

conserving normal scattering. 8,23 However, in those studies, 

d ranged from approximately 0.5 mm down to tens of microme-

ters, values comparable to l ph , making boundary scattering sig-

nificant. In contrast, l ph in SrTiO 3 is only a few micrometers, 14 

whereas our samples span hundreds of micrometers. This signif-

icant scale disparity suggests that boundary effects should, in 

principle, be negligible; yet, pronounced dimension-dependent 

changes in phonon heat transport are still observed.

Initially, impurity incorporation and the redox-driven formation 

of oxygen vacancies introduced during mechanical polishing 

were considered as potential artifacts. These perturbations 

disrupt the centrosymmetric cubic lattice of SrTiO 3 , thereby acti-

vating forbidden Raman modes and inducing strain-mediated 

frequency shifts and spectral broadening. 47–49  Concurrently, 

visible-light absorption by Ti 3+ polarons and d-d transitions of 

multivalent dopants (e.g., Fe, Mn, Co, and Ni) can tint an other-

wise colorless crystal from pale blue to yellow-brown or even 

black. 50,51 However, Raman spectroscopy indicates no discern-

ible differences between unpolished and polished samples, and 

all crystals retain their intrinsic optical transparency with no

Figure 3. Evolution of  thermal diffusivity 

and the Knudsen minimum across the hy-

drodynamic-to-ballistic crossover

(A) Specific heat normalized by T 3 as a function of 

temperature, showing excellent agreement with 

literature data from Martelli et al. 14

(B) Thermal diffusivity as a function of tempera-

ture, with a local maximum serving as a hallmark of 

Poiseuille  heat  transport.  The  shaded  areas 

denote the estimated uncertainty of D th .

(C) Thermal diffusivity normalized by its minimum 

value (the Knudsen minimum) for samples with 

varying widths. The solid lines represent the vari-

ation trends.

(D) Temperature corresponding to the Knudsen 

minimum as a function of w.

noticeable color change after polishing 

(Figures S9A and S9B). Consistent with 

this, the measured Seebeck coefficient 

is indistinguishable between unpolished 

and  polished  samples  (Figure  S9C), 

whereas  any  substantial  polishing-

induced change in bulk oxygen-vacancy 

or  aliovalent-impurity  concentration 

would be expected to modify the carrier concentration and, 

hence, this quantity. Furthermore, prior studies have demon-

strated that even ultra-low levels of impurities completely elimi-

nate the characteristic κ peak near 25 K and the anomaly asso-

ciated  with  AFD  fluctuations  around  100  K. 14,18,19  In  our 

samples, XRD confirms single-phase SrTiO 3 with no additional 

peaks or detectable broadening after polishing (Figure S9D), 

and all κ curves retain a pronounced low-temperature peak 

and clear AFD-related features (Figures 2A and S2). Thus, a 

dominant bulk-doping scenario is strongly disfavored.

In addition, Ding et al. showed that dislocations introduced by 

mechanical processing in single-crystal SrTiO 3  are generally 

confined to a near-surface damage layer with a thickness of 

around 3 μm. 52 These near-surface defects can strongly affect 

surface-sensitive techniques such as time-domain thermoreflec-

tance (TDTR) and can suppress κ by more than 50% over a broad 

temperature range of 80–400 K rather than only at low tempera-

tures. However, these dislocations are not expected to have a 

significant impact on bulk measurements on millimeter-scale 

crystals. In our measurements, a pronounced size effect is 

observed only at low temperatures below the AFD transition, 

whereas at higher temperatures, the κ values for samples with 

different w are nearly identical (Figures 2A, 2B, and S2). Such 

strong dislocation-induced scattering is therefore not evident in 

our samples. Moreover, the control experiment on KTaO 3 also in-

dicates that mechanical polishing alone does not induce a size-

dependent κ (Figure 2C). Taken together, these results strongly 

support the conclusion that the observed size-dependent hydro-

dynamic phonon transport in SrTiO 3 originates from the forma-

tion of micron-scale tetragonal domains below the AFD transition 

at 105 K rather than from polishing-induced defects.

We therefore measured the FDW spacing (domain size, Λ) in two 

SrTiO 3 single crystals using low-temperature polarized optical
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microscopy, first in the 5 × 5 × 0.5 mm 3 geometry and then in the

1 × 1 × 0.5 mm 3 form obtained by mechanically polishing the orig-

inal crystal. The crystal is (001) oriented with edges along [100] and 

[010] (inset in Figure 2B). Because a and b axes remain equivalent 

across the transition (Table S1), changes in in-plane length and 

width are equivalent. In the 5 × 5 × 0.5 mm 3 geometry, Λ exhibits 

substantial spatial heterogeneity, varying by more than an order of 

magnitude across the sample (Figures 4A, 4B, S10, and S11); Λ is 

approximately 50 μm in Figure 4A but decreases to around 8 μm in 

Figure 4B. Quantitatively, more than 60% of micrographs contain 

fewer than 20 FDWs (areal density ≈95 mm − 2 ), and about 50% of

Λ values exceed 20 μm, while 20% exceed 50 μm, giving an

average  spacing  Λ ≈  20  μm  (Figure  4E  and  4F).  In  the

1 × 1 × 0.5 mm 3 form, the FDWs become much denser and 

more uniformly spaced: the typical Λ is around 5 μm, and most 

neighboring walls are only 2–4 μm apart (Figures 4C, 4D, and 

S12). Approximately 75% of micrographs contain more than 50 

FDWs (areal density ≈225 mm − 2 ), and about 70% of Λ values

Figure 4. Microscopic visualization of FDW 

scaling with sample width

(A–D) Polarized optical micrographs of a 5 ×

5 × 0.5 mm 3 (001)-oriented SrTiO 3 single crystal at 

two representative regions (A and B) and after 

mechanically polishing to 1 × 1 × 0.5 mm 3 (C and 

D). Scale bar: 50 μm. All micrographs were ac-

quired at 50 K below the AFD transition, with up 

along [100] (a-axis) and right along [010] (b-axis). 

FDWs appear as dark-gray stripes. Representa-

tive walls are traced in yellow for clarity. The hor-

izontal red-to-blue arrow indicates the direction of 

phonon heat transport.

(E) Distribution of FDW counts before and after 

polishing. The x-axis shows the number of domain 

walls per 0.5 × 0.5 mm 2 micrograph. The y axis 

shows the fraction of micrographs with that count.

(F) Distribution of FDW spacing before and after 

polishing.

are below 10 μm, yielding Λ ≈ 8 μm, 

roughly 1/4 of  the pre-polishing value 

(Figure 4E and 4F). Notably, FDW traces 

are almost parallel to the <110> directions, 

consistent  with  previous  theoretical 53 

and experimental 43 studies; accordingly, 

phonon  heat  transport  along  [010]  is 

oriented at ≈45 ◦ to the walls. These results 

establish a positive correlation between w

and Λ in SrTiO 3 ; reducing w increases 

the FDW areal density and concomitantly

decreases  Λ.  Furthermore,  thermal-

cycling tests confirm that FDW forma-

tion  in  SrTiO 3  lacks  spatial  memory 

(Figure S13),  consistent with  previous 

studies, 54–56 ruling out polishing-induced 

removal of  regions with unusually  low 

domain wall density as the origin of the 

observed size dependence. 

This correlation arises from the competition between the 

long-range elastic energy, which is associated with the sponta-

neous shear strains and is essentially determined by the intrinsic

material properties (E el ∝Λ), and the interfacial energy of FDWs, 

which is governed by the in-plane dimension normal to the 

walls (E int ∝ wΛ 
). 57,58 Minimizing the total energy, E tot = E el +E int ,

with ∂E tot

∂Λ
=  0 leads to the canonical Kittel-Roitburd scaling

Λ∝
̅̅̅̅
w 

√ 
. 57–59 In practice, domain wall pinning and residual strain

introduce a geometry-independent offset length (γ > 0); there-

fore, we adopt the relation

Λ = β
̅̅̅̅
w 

√ 
+ γ;  (Equation 4)

where β is a material-dependent coefficient. Consequently, a 

reduction in w promotes finer domain patterns. Moreover, polish-

ing exposes lateral free surfaces that relieve external clamping; 

it also amplifies geometry-induced strain inhomogeneity and in-

troduces surface defects that act as pinning sites for highly
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mobile domain walls. 60–62 These collective effects drive Λ to 

lower values.

To assess the impact of sample thickness, we measured the 

same SrTiO 3 single crystal with width and length held fixed, first 

at a thickness of 0.5 mm and then after uniform polishing to 

0.18 mm. As shown in Figure S14, the κ curves remain essentially 

unchanged over the entire measured temperature range, which is 

consistent with a prior study. 14 This thickness insensitivity can be 

attributed to the geometry of the ferroelastic domains in (001)-ori-

ented SrTiO 3 ; domain wall traces on the (001) surface run approx-

imately parallel to the <110> directions, while the walls themselves 

are {110}-type planes that traverse the sample thickness. Polish-

ing along the [010] width direction therefore reduces the in-plane 

dimension normal to the walls and perturbs the Kittel-Roitburd

balance, decreasing Λ, whereas polishing along the [001] thick-

ness direction leaves the in-plane dimensions unchanged and

Figure 5. Phonon dispersion and transport 

modeling of domain wall limited hydrody-

namic transport

(A) Calculated  phonon  dispersion  curves  and 

density of states (DOS) for SrTiO 3 in the tetragonal 

phase.

(B) Thermal conductivity of SrTiO 3  for samples 

with varying widths from 3 to 9 K. The shaded 

areas denote the measurement uncertainty of κ. 

The solid curves are the model fits.

(C) Extracted Λ as a function of
̅̅̅̅
w

√ 
. The solid pink

line  represents  a  least-squares  linear  fit. The 

shaded band is the confidence interval of the fit.

Error bars denote the estimated uncertainty of Λ.

(D) Schematic of the Knudsen minimum. When l N 
(shown as dashed circles) becomes comparable

to Λ, enhanced momentum-conserving scattering 

leads to a local suppression of l ph . This produces 

the  Knudsen  minimum  in  thermal  diffusivity.

Larger Λ results in a greater fraction of phonons 

undergoing multiple successive normal scatter-

ings (green region), shifting the minimum to lower 

temperatures.

has little effect on the domain configura-

tion. Consequently, finite thickness does 

not set the limiting size for phonon Pois-

euille flow, which is consistent with our 

conclusion  that  mechanical  polishing 

does not, by itself, generate size-depen-

dent hydrodynamic behavior. 

Although FDWs in SrTiO 3 are crystallo-

graphically  coherent,  previous  experi-

mental and theoretical studies indicate 

that they are not acoustically transparent. 

FDWs host  large strain gradients and 

octahedral tilt variations and can become 

polar at  low  temperatures,  leading  to 

enhanced acoustic damping and elastic 

softening. 63,64  Such  strain  and  order 

parameter gradients are expected to pro-

vide channels for mode conversion and 

dephasing,  so  heat-carrying  phonons 

experience FDWs as effective internal interfaces with partially 

diffuse reflection rather than perfectly specular mirrors. Similar 

behavior has been reported in other ferroic materials, such as 

BiFeO 3 and ErMnO 3 , where coherent walls exhibit high thermal 

resistance. 65,66 Furthermore, prior hydrodynamic and transport 

studies on millimeter-scale SrTiO 3 single crystals indicate that 

FDWs play a central role in limiting phonon transport. Martelli 

et al. stated that the AFD transition in SrTiO 3 produces micro-

meter-scale ferroelastic domains whose walls act as internal 

boundaries and thereby reduce the ballistic l ph from the macro-

scopic sample dimension to the micron-scale domain size. 14 Li 

et al. reported that AFD-induced domains play a crucial role in 

the phonon thermal Hall effect. 15 A more detailed discussion is 

provided in the supplemental information. 

To analyze the thermal transport in SrTiO 3 , we first obtained 

the  full phonon dispersion  (Figure 5A)  from first-principles
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calculations (see supplemental information for details). 67 Using 

the resulting phonon frequencies (ω) and mode-resolved group 

velocities (Table S3), we fitted κ below the Knudsen minimum 

with a Debye-Callaway model for phonon transport: 68,69

κ = 
k B

2π 2 〈v〉

( 
k B T 

ℏ

) 3 ∫ θ D =T

0

x 4 e x

τ −  1 
ph (e 

x  −  1) 2 
dx;  (Equation 5)

where x =  ℏω
k B T

, k B  is the Boltzmann constant, ℏ denotes the 

reduced Planck constant, and θ D represents the Debye temper-

ature (Table S3). The total phonon relaxation rate is modeled

as 69–71

τ −  1 
ph = τ −  1

D + τ −  1
U + τ −  1

B ;  (Equation 6)

τ −  1 
D = Dω 4 ;  (Equation 7)

τ −  1 
B = 

〈v〉
w

+ 
〈v〉
Λ
:  (Equation 8)

Here, D is a fitting parameter for point defect scattering, τ−  1 
D

denotes the defect scattering rate, τ−  1 
U is the Umklapp scattering

rate, and τ−  1 
B accounts for scattering from both external surfaces

and internal FDWs. At low temperatures, especially below 10 K, 

boundary scattering dominates, whereas the Umklapp scat-

tering is essentially frozen out and can therefore be neglected 

(Figure S15). Figures 5B and S16 demonstrate excellent agree-

ment between the fitted curves and the experimental data. The 

obtained fitting parameter D= (4.83 ± 0.09) × 10 − 45 s 3 is invariant 

with respect to w, further indicating that mechanical polishing

preserves  crystal  quality. Moreover, Λ  extracted  from  the 

fits systematically decreases with decreasing w, and the fitted

β STO-1 = (1.58 ± 0.14) × 10 − 3 mm 1/2  (Figures 5C and S16). 

Together, these results corroborate the important role of FDW-

induced boundary scattering in driving size-dependent hydrody-

namic phonon transport in SrTiO 3 .

Therefore, the non-monotonic behavior of D th  and the w 

dependence of the Knudsen minimum originate from the inter-

play between Λ and l N . In the Poiseuille flow regime, phonon 

propagation resembles viscous fluid flow and the hydrodynamic 

phonon MFP follows: 23

l ph ≃ 
Λ 2

l N 

:  (Equation 9)

Narrower samples with smaller Λ force phonons to traverse 

shorter  distances  between  successive  diffuse  events  with 

FDWs, thereby lowering l ph and D th . As temperature rises, mo-

mentum-conserving normal scattering events become increas-

ingly frequent, facilitating efficient momentum exchange among 

phonons. This enhanced phonon momentum exchange reduces 

l N 
6,13,72,73 and, thus, effectively increases l ph and D th until resis-

tive mechanisms, such as Umklapp scattering, begin to domi-

nate over boundary scattering. 6,13,59,60 Conversely, upon cool-

ing, normal scattering diminishes and l N  increases. When l N

becomes comparable to Λ, the flow transitions from Poiseuille 

to Knudsen-type ballistic transport. 74 At this crossover, illus-

trated as the Knudsen minimum in Figures 3B and 3C, phonons 

are no longer efficiently thermalized by normal scattering and

increasingly experience boundary scattering. As illustrated in

Figure 5D, the critical condition Λ
l N

= 1 is satisfied at lower tem-

peratures for large Λ, causing the Knudsen minimum to shift up-

ward as Λ decreases. In addition, due to the formation of FDWs, 

our measurements of κ do not exhibit super-ballistic w scaling as 

reported in other materials 20 (see supplemental information for 

details).

To further corroborate our findings, we examined the temper-

ature dependence of κ in the Ziman regime, the narrow window 

between 33 and 66 K where normal collisions still dominate while 

Umklapp scattering begins to exceed boundary scattering: 2,23

l N ≪ l R ≪ d:  (Equation 10)

In  this  regime,  κ  is expected  to decay exponentially with 

temperature: 75

κ ∝ e −  α=T ;  (Equation 11)

where α is an effective activation temperature associated with the 

‘‘freezing out’’ of Umklapp scattering. 4 As shown in Figures 6A 

and S18, the natural logarithm of the thermal conductivity, lnκ, ex-

hibits nearly perfect linear dependence on T − 1 across all samples, 

consistent with the predicted exponential form. This behavior 

confirms that Umklapp scattering serves as the dominant resis-

tive mechanism within this temperature range. Intriguingly, the 

fitted α decreases progressively as w is reduced (Figures 6B 

and S18). To explain this anomalous w-dependent behavior, it 

is essential to identify the origins of Umklapp scattering in SrTiO 3 . 

Figure 6C and 6D present first-principles calculations of acous-

tic phonon dispersion in the tetragonal phase, including both lon-

gitudinal (LA) and transverse (TA) modes. Within the first Brillouin 

zone (BZ) of the I4/mcm space group, the in-plane wave vectors 

k a and k b are symmetry equivalent and follow the Γ-Х direction, 

while the out-of-plane component k c lies along Γ-М. At the upper 

bound of the Ziman regime (66 K), the typical k a/b of LA phonons 

reaches only approximately 15% of the BZ width. Since Umklapp 

scattering requires the creation of a phonon with a k a/b exceeding 

half the BZ width, the two initially interacting phonons must, on 

average, each carry at least 25% of the BZ width. Under such 

conditions, only a small subset of TA phonons marginally satisfies 

this requirement, rendering Umklapp collisions exceedingly rare. 

The situation is even more restrictive along the out-of-plane di-

rection, in which virtually all acoustic branches remain below 

the Umklapp threshold throughout the Ziman regime, fundamen-

tally limiting Umklapp scattering events.

Another source of Umklapp scattering arises from the AFD 

transition, driven by the soft transverse optic phonon mode 

located at the BZ corner (R point). 76–78 The frequency of this 

mode collapses to roughly 2 meV (20 K), making such Umklapp 

processes energetically accessible even at low temperatures, 

well below the Debye temperature. 37,79,80 Consistent with this 

interpretation, the fitted α values cluster around 20 K, which is 

comparable to the energy scale of the R-point soft mode and 

suggests that this mode provides the dominant microscopic 

channel for Umklapp collisions within the Ziman regime. None-

theless, because this mechanism is inherently size-independent, 

reconciling it with the observed correlation between w and α re-

mains challenging.
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This apparent discrepancy can be reconciled by hypothesiz-

ing that w directly correlates with Λ induced by the AFD transi-

tion. Narrower samples contain a higher density of domain walls 

that behave as diffuse, temperature-independent scatterers,

leading to smaller Λ. These boundaries introduce an additional 

resistive scattering channel that, combined with Umklapp scat-

tering, determines the effective l R through Matthiessen’s rule: 71

1

l R
=

1

l U
+ 

1

Λ 
;  (Equation 12)

where l U  is the phonon MFP for Umklapp scattering. Conse-

quently, the temperature dependence of κ becomes weaker, 

which is reflected in a reduced slope in the lnκ versus T − 1 plot, 

resulting in systematically smaller fitted effective activation tem-

peratures. Therefore, as w decreases and FDW-induced bound-

ary scattering becomes more important, the extracted α should 

be viewed as an effective parameter that encodes the combined 

influence  of  Umklapp  and  temperature-insensitive  diffuse 

boundary scattering. It is worth noting that normal collisions, 

while not themselves resistive, can redistribute small-wavevec-

tor acoustic phonons into regions of the BZ where Umklapp 

scattering is allowed, thereby enhancing the effective Umklapp 

contribution. 81 A more detailed ab initio treatment of the interplay 

between normal and Umklapp processes and their relation to α 
would be an interesting direction for future work.

DISCUSSION

Our systematic investigation reveals a pronounced, millimeter-

scale size dependence of hydrodynamic phonon transport in 

SrTiO 3  single crystals, attributable to FDW engineering. By

Figure 6. Impact of domain wall scattering 

on the Ziman regime and effective Umklapp 

processes

(A) Natural logarithm of thermal conductivity, lnκ, 

plotted as a  function of T − 1 . The  solid  lines 

represent exponential fits in the Ziman regime, 

following the relation κ∝e − α/T . The shaded areas 

denote the estimated uncertainty of lnκ.

(B) Exponential fitting parameter α as a function of 

w, showing a clear increase with increasing w. 

Error bars denote the estimated uncertainty of α. 

(C and D) Calculated acoustic phonon dispersions 

along the Γ-Х and Γ-М directions in the tetragonal 

phase.

gradually narrowing  the crystals  in w 

while maintaining constant length and 

thickness, we uncover an unexpected 

regime wherein significant size effects 

persist even though w remains several 

orders of magnitude greater  than  l ph 

within the tetragonal phase. Decreasing 

w progressively suppresses  the peak

κ  and  quenches  the  Poiseuille  flow-

induced super-T 3 enhancement, driving

κ toward a pure T 3 scaling and ultimately 

causing  deviations  below  this  trend. 

Concurrently, the characteristic non-monotonic temperature 

profile  of  D th  gradually  transitions  into  monotonic  decay, 

accompanied by a shift of the Knudsen minimum toward higher 

temperatures. This evolution clearly illustrates the gradual sup-

pression and eventual disappearance of phonon Poiseuille flow. 

Furthermore, a combined analysis using first-principles phonon 

dispersion calculations and thermal transport modeling of low-

temperature ballistic transport confirms that Λ systematically di-

minishes as w is reduced, following the Kittel-Roitburd relation,

Λ∝
̅̅̅̅
w 

√ 
. This relationship arises from the competition between

long-range elastic energy and domain wall interfacial energy.

These results indicate that the interplay between Λ and l N drives 

the upward shift of the Knudsen minimum, which marks the tran-

sition from Poiseuille flow to Knudsen-type ballistic transport. 

Collectively, our findings establish macroscopic geometry, 

mediated through FDW density, as a critical control parameter 

for tuning hydrodynamic phonon transport. Exploiting the hy-

drodynamic-to-kinetic crossover via strategic domain-wall en-

gineering  thus provides promising pathways  for designing 

advanced phononic devices and enabling precise thermal man-

agement in next-generation cryogenic quantum-paraelectric 

platforms.

METHODS

Material and mechanical polishing

SrTiO 3 single crystals were obtained from SurfaceNet, MTI, and 

MSE Supplies. Their widths were systematically reduced by 

sequential mechanical polishing while maintaining their effective 

length and thickness. Polishing was performed using diamond 

lapping films (Ted Pella) with grit sizes of 30 and 15 μm for initial
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coarse thinning, followed by progressively finer grit sizes of 6, 3, 

1, and 0.5 μm to achieve a smooth, defect-minimized lateral sur-

face. A micrometer-controlled lapping fixture (Ted Pella) was em-

ployed to precisely control dimensional accuracy. Throughout 

each polishing step, crystals were continuously flushed with 

anhydrous isopropanol (IPA) of ≥99.9% purity to minimize sur-

face oxidation and effectively remove polishing debris.

Material characterization

Single-crystal XRD was employed to probe the structural transi-

tion of SrTiO 3 . Diffraction data were collected on a Bruker D8 

Venture diffractometer equipped with a Photon III detector and

an IμS microfocus Mo Kα source (λ = 0.71073 A ˚ ). A block-shaped

crystal was mounted on a MiTeGen pin. Unit-cell parameters 

were determined at temperatures ranging from 80 to 273 K 

with 1 s frame exposures and a detector distance of 50 mm. 

Raman measurements were performed at 300 K using a Horiba 

LabRam equipped with a 532 nm  laser. Phase purity was 

analyzed using a PANalytical Empyrean Series 2 X-ray diffrac-

tometer (Malvern Panalytical, Malvern, UK) equipped with Cu

Kα radiation (λ = 1.54 A ˚ ).

Low-temperature polarized optical microscopy was per-

formed at the University of Tü bingen to characterize FDWs in 

SrTiO 3 single crystals with dimensions of 5 × 5 × 0.5 mm 3 

and 1 × 1 × 0.5 mm 3 . 82 The evolution of ferroelastic domain 

structures across the AFD transition was monitored within a 

0.5 × 0.5 mm 2 field of view by cooling the specimen to 10 K 

and subsequently warming it in 10 K increments up to 110 K. 

In addition, at a constant imaging temperature of 50 K, the intact 

crystal surface was scanned under near-crossed polarizers 

(0 ◦  and 90 ◦ ) by sequentially imaging contiguous sub-areas, 

each measuring 0.5 × 0.5 mm 2 . In each micrograph, FDWs 

were first identified using a Fourier-based stripe-analysis pipe-

line, and Λ was then obtained by computing the line-normal dis-

tances between neighboring walls. Representative micrographs 

and additional details on FDW quantification are provided in the 

supplemental information.

The thermal conductivity, specific heat, and Seebeck coeffi-

cient of SrTiO 3 single crystals were measured using a quantum 

design physical property measurement system (PPMS) over 

the temperature range of 3–300 K. Further information is avail-

able in the supplemental information.

First-principles calculations and thermal transport 

analysis

Full phonon dispersion of tetragonal SrTiO 3 was computed using 

first-principles calculations, and the resulting phonon frequencies 

and group velocities were used for thermal transport analysis of 

low-temperature thermal conductivity. Details are provided in 

the supplemental information.
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15. Li, X., Fauqué , B., Zhu, Z., and Behnia, K. (2020). Phonon Thermal Hall Ef-

fect in Strontium Titanate. Phys. Rev. Lett. 124, 105901. https://doi.org/10.

1103/PhysRevLett.124.105901.

16. Buscaglia, M.T., Maglia, F., Anselmi-Tamburini, U., Marré , D., Pallecchi, I., 
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Freer, R. (2018). Improving the Thermoelectric Properties of SrTiO 3 -Based 

Ceramics with Metallic Inclusions. J. Alloys Compd. 731, 723–730. https:// 

doi.org/10.1016/j.jallcom.2017.10.033.

33. Dupas, C., Guillemet-Fritsch, S., Geffroy, P.M., Chartier, T., Baillergeau, 

M., Mangeney, J., Roux, J.F., Ganne, J.P., Marcellin, S., Degiron, A.,

and Akmansoy, E ´ . (2018). High Permittivity Processed SrTiO 3 for Metama-

terials Applications at Terahertz Frequencies. Sci. Rep. 8, 15275. https:// 

doi.org/10.1038/s41598-018-33251-y.

34. Ang, C., and Yu, Z. (2007). High Capacitance-Temperature Sensitivity and 

‘‘Giant’’ Dielectric Constant in SrTiO 3 . Appl. Phys. Lett. 90, 202903. https:// 

doi.org/10.1063/1.2736298.

35. Zhang, Y., Wu, X., Wang, Z.H., Peng, Y., Liu, Y., Yang, S., Sun, C., Xu, X., 

Zhang, X., Kang, J., et al. (2024). Crystal Facet Engineering on SrTiO 3 En-

hances Photocatalytic Overall Water Splitting. J. Am. Chem. Soc. 146, 

6618–6627. https://doi.org/10.1021/jacs.3c12062.
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ABSTRACT
Electrothermal memristors operate by a resistive switching mechanism based on Joule heating. During the switching process, metallic 
filaments form between the electrical contacts in a highly reversible and reproducible manner. Our experiments on planar VO2-based 
devices show that multiple filaments can form when several electronic terminals are involved. The configuration, position, and size of the 
filaments depend sensitively on the applied inputs and on their history. Because of this history dependence and the interchangeability of the 
terminals, these devices are promising building blocks for programmable networks with built-in local memory.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0334989

The memristive effect entails a change in resistance by an input 
voltage or current.1 In an electrothermal memristor (ETM), this resis
tance change is mediated by temperature.2–4 Vanadium dioxide 
(VO2) is the archetype of materials for ETMs5 owing to its insulator- 
to-metal transition (IMT) just above room temperature.6,7 Across the 
IMT, the resistance changes by up to four orders of magnitude. 
Applying a voltage or current causes Joule heating,8,9 which allows 
switching between the insulating and the metallic states and a distri
bution of states in between.10,11 Devices thus exhibit current–voltage 
hysteresis12 and negative differential resistance.13 These properties are 
of interest for realizing computing-in-memory devices,12,14,15 as 
well as high-frequency relaxation oscillators13,16–18 and artificial 
neurons.19,20

The electrically induced resistive switching is an avalanche pro
cess,14,21–24 during which filaments of the metallic state are 
formed.8,24–31 Such filaments are observed ubiquitously in ETMs 
based on various materials with an IMT.23,24,32–34 Contrary to fila
ments formed by ion migration,35,36 in ETMs, filaments form by 
locally exceeding the IMT temperature through Joule heating and a 
subsequent attraction of current to the switched (low-resistance) 
region. This forming process is fast (sub-ns),37,38 local (sub-lm),8,29 

and hysteretic.31,39 Depending on device inputs and material 

parameters, multiple filaments can form geometric patterns.23,39,40 

Although the origin may differ, such filament patterns are also 
observed after avalanche breakdown in semiconductor devices at low 
temperatures.41 Adding a third electric terminal to these semiconduc
tor devices allows creating filament-based switches, memories, and 
logic gates,42 controlled by external magnetic fields.

Here, we study VO2-based electrothermal memristors with three 
electric terminals. By combining optical filament imaging and electric 
transport measurements, we demonstrate that multiple filaments 
form (and collapse) between separate electrodes. Biasing two termi
nals tunes the configuration and strength of the filaments in a smooth, 
reproducible, and hysteretic manner. We anticipate that the history 
dependence of the filament configuration can be leveraged in emerg
ing network architectures with built-in local memory.

We study devices based on nominally 40-nm-thick epitaxial 
VO2 films grown at the University of Twente by pulsed laser deposi
tion (PLD) on ultrasonically cleaned Al2O3 ð1�102Þ substrates 
(5� 5� 0:5 mm3, CrysTec, GmbH). An excimer KrF laser 
(k ¼ 248 nm) ablated a sintered V2O3 target with a repetition fre
quency of 10 Hz, a fluence of 1:3Jcm−2, and a circular spot of 
1:76 mm2. During deposition, the substrates were kept at 400 �C in 
an O2 process pressure of 1� 10−2 mbar at �45 mm from the target. 
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Reflection high-energy electron diffraction (RHEED, in situ) and 
x-ray diffraction (XRD, ex situ) measurements reveal film growth in 
the [101]R—or equivalently, [001]M—direction, in accordance with 
literature.43 Patterned Ti (4.5 nm)/Au (100 nm) contact pads were 
sputtered on the as-deposited films as described in Ref. 11.

The devices were imaged using a custom-built wide-field polari
zation microscope (WFPM), which allows simultaneous optical imag
ing and electrical transport measurements.44 The setup distinguishes 
different sample phases through reflectivity contrast and provides an 
optical resolution of approximately 0.5 lm.32–34,39,44 The photomicro
graphs shown were acquired during a voltage sweep and represent 
differential images, obtained by averaging 20 raw images (200 ms 
exposure time each) and subtracting the pristine-state reflectivity at 
each voltage point. In the images, bright regions correspond to the 
insulating state, while darker regions indicate the metallic phase.

Voltages and currents were applied and measured using Keithley 
2400 source-measure units (SMUs), either in the WFPM or in a Janis 
probe station. Figure 1(a) shows the measurement configuration. The 

SMUs were connected to terminals A and B, with setpoint voltages 
VAG and VBG defined with respect to the ground terminal G. The 
SMUs measured the current flowing into terminal A IA and into ter
minal B IB; the current flowing into terminal G IG was inferred by 
Kirchhoff’s current law IAþ IBþ IG¼ 0. Negative values for the cur
rent reflect current flowing out of that respective terminal. A compli
ance current Icc—equal for both SMUs—was used to limit the current 
flowing through the device. In compliance, the voltage across the 
device is adjusted accordingly and may differ from the set voltage of 
the SMU. Measured voltages VAG,m and VBG,m in control experiments 
deviated by less than 10 mV from the set value if the current was less 
than compliance, as shown in Fig. 1(e). All measurements were per
formed at room temperature. We discuss below measurements on 
one device, 3T12, with three terminals and an electrode spacing of 
12 lm; control experiments on different devices with the same or dif
ferent dimensions yielded similar results.

Figure 1(b) shows a WFPM image of the device with no voltages 
applied. In Fig. 1(c), a metallic filament has formed between terminals 
A and G while sweeping the voltage VAG with terminal B discon
nected. The corresponding IA (VAG) curves for upsweep and down
sweep of VAG are shown in Fig. 1(e). This sweep shows a nearly 
Ohmic behavior up to a switching voltage Vþ ¼ 7:3 V, where the cur
rent jumps to compliance. Upon reducing VAG, the current jumps 
down at another switching voltage V− ¼ 3:6 V. In compliance, the 
SMU maintains the actual output voltage VAG,m close to V−. From 
Fig. 1(c), we extract a full width at half maximum of the filament 
W � 7 lm, which increases with compliance current. These observa
tions compare well to the extensive literature on filament formation 
in two-terminal VO2 devices.8,24,26–31

Connecting terminal B to ground—i.e., setting VBG¼ 0 V— 
creates a second current channel in the device. Figure 1(f) shows that 
IA is distributed almost evenly across IB and IG in the insulating state 
of the device. At Vþ, two metallic filaments form simultaneously as 
imaged in Fig. 1(d). This formation is accompanied by concurrent 
jumps in the currents IA, IB, and IG shown in Fig. 1(f). Both filaments, 
which we refer to as AG and AB after their connecting terminals, 
persist down to V−, where they collapse simultaneously. In compli
ance, IG� −6 mA and IB� −5 mA, which causes the AG filament to 
appear wider than the AB filament in Fig. 1(d). We observe this dif
ference consistently for repeated switching and attribute it to a con
tact resistance difference between terminals B and G.

Figure 2 shows how applying a nonzero VBG changes the device 
response to a sweep of VAG. VBG was set to 0 V between subsequent 
measurements, which were taken with intervals in VBG of 0.1 V. We 
observed six qualitatively different responses in different regimes of 
set VBG. In regime I, where VBG¼ 0 V, two filaments form and col
lapse simultaneously, as discussed above and shown in Figs. 1(d) 
and 1(f).

Regime II spans from VBG¼ 0.1 to 2.9 V, in which the device 
responds as shown in Fig. 2(a). Initially, this situation (depicted: 
VBG¼ 0:1 V) is similar to that discussed above for VBG¼ 0 V. The 
magnitude of the currents and the WFPM image show that the entire 
device is in the insulating state. At the switching voltage Vþ ¼ 7:2 V, 
we observe that only an AG filament has formed. This observation 
implies that applying a small VBG prevents forming an AB filament by 
sweeping VAG. A finite VBG lowers the potential difference between ter
minals A and B VAB¼VAG − VBG and accordingly, the current flowing 

FIG. 1. Filament formation in multiterminal VO2 devices. (a) Three-terminal device 
schematic with indications of material placement and electrical connections as 
described in the text. (b) WFPM image of a three-terminal device in its insulating 
state. (c) WFPM image of a metallic filament (dark region) with set VAG¼ 10 V and 
compliance current Icc¼ 11 mA. Terminal B was not connected. (d) WFPM image 
of multiple metallic filaments, with VAG¼ 10 V, VBG¼ 0 V, and Icc¼ 11 mA. (e) 
Current through terminal A IA measured as a function of set voltage VAG (black) 
and of measured voltage VAG,m (gold) in the configuration of panel (c). The horizon
tal dashed line represents Icc. (f) Measured IA, IB and inferred IG¼−IA − IB as a 
function of set voltage VAG for the configuration of panel (d).
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between these terminals. Joule heating is thus suppressed close to ter
minal B, and a filament does not form there.

Regime III spans from VBG¼ 3.0 to 3.4 V, in which the device 
responds as shown in Fig. 2(b). Here, inducing an AG filament at 
Vþ ¼ 7:1 V triggers the formation a BG filament, which collapses 
simultaneously when sweeping VAG back below V− ¼ 3:0 V. After 
switching, the dark (metallic) region extends beyond the electrode 
tips, connecting all terminals. This extension is less pronounced in the 
top left, where an AB filament would form. Because Joule heating is 
suppressed between terminals A and B, as discussed above, we do not 
expect an AB filament to form at all. The observations below support 
that scenario.

Regime IV consists of one value of VBG, 3:5 V. Again, at Vþ, 
both an AG and a BG filament form, but upon sweeping back VAG, 
the filaments collapse at two different V−. After the AG filament 
switches back, VAG still provides some Joule heating, which helps 
sustain the BG filament. Unlike regimes II and III, IA does not 
switch back to its pristine curve when the AG filament collapses but 
remains slightly above it until the BG filament collapses. We attri
bute this behavior to (i) the overlap of the BG filament with the cur
rent path from A to G and (ii) the BG filament increasing the 
overall device temperature, which lowers the resistance of the insu
lating region.

Regime V spans from VBG¼ 3.6 to 6.4 V, in which the device 
responds as shown in Fig. 2(d). Compared to regime IV, the BG fila
ment persists down to VAG¼ 0 V. At VAG¼ 0 V, the filament is nar
rower than just after the switch at VAG¼ 3:0 V due to reduced Joule 
heating of the total device. This configuration is persistent as long as 
VBG is kept above its switching-back voltage V−.

Finally, in regime VI, VBG� 6:5 V forms an AB filament already 
for VAG¼ 0 V. The absence of a BG filament here is likely due to dif
ferences in contact resistance between the AB and BG paths as dis
cussed above. Applying VAG of only 0:1 V forms a BG filament in 
addition by redirecting the current flow away from terminal A and 
toward terminal G. Further increasing VAG beyond 0:4 V causes the 
AB filament to collapse. Only the BG filament remains up to 
VAG¼ 3:7 V, at which an AG filament forms as well and both SMUs 
reach compliance. Sweeping back VAG below 3:0 V causes the AG fila
ment to collapse. Only the BG filament is observed down to 
VAG¼ 0 V:

Figure 3 shows how each current, IA, IB, and IG, depends on VAG 

for various values of VBG. Control measurements show similar charac
teristics when VBG is swept for various values of VAG. Within each 
regime, we observe that VBG shifts the current-vs-VAG curves in a con
tinuous manner. In regime II, VBG can be used as a tuning knob for 
changing the closed hysteresis loop IA (VAG). Similar shifts in the char
acteristics were observed by combining a two-terminal VO2 device 
with a field-effect transistor (FET)45 or by tuning the VO2 hysteresis 
itself using ionic-liquid gating.46,47 Contrary to those studies, our 
three-terminal devices are both completely reversible and require 
only a VO2 film and patterned metal electrodes to function.

The thicker, dashed traces in Fig. 3 highlight the regime bound
aries. They represent the current traces shown in Figs. 1(f) and 2. At 
these regime boundaries, especially IB and IG show distinctly different 
behavior compared to the curve taken at slightly lower VBG. The 
boundaries thus represent resistive switching events between termi
nals B and G, triggered by sweeping the voltage between terminals A 
and B.

FIG. 2. Voltage-tunable filament geometry. Top panels: measured currents IA, IB, IG—flowing into terminals A, B, and G, respectively—as a function of set voltage on terminal 
A VAG, with Icc¼ 11 mA. Bottom panels: WFPM images obtained during the voltage sweeps shown in the top panels. Scale bars, 10 lm. The arrows indicate transitions at 
given values of VAG. The different regimes are discussed in the text. Data shown were taken at the lower boundaries in set voltage VBG of each regime: (a) 0.1 V, (b) 3.0 V, 
(c) 3.5 V, (d) 3.6 V, and (e) 6.5 V.
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In regimes V and VI, the current IB measured for VAG¼ 0 V is 
different before and after the sweep. The control terminal A can 
thus switch a channel between “drain”—terminal B—and 
“source”—terminal G—in a hysteretic manner. This functionality 
closely resembles that of FETs with a memory function,48,49 an 
envisioned basic element for in-memory computing. Contrary to 
FETs, multiterminal ETM devices have interchangeable terminals: 
input, output, and control are not defined a priori; the experi
ments above show very similar results upon interchanging the A, 
B, and G terminals. We anticipate that networks of multiterminal 
ETM devices would have a reconfigurable network topology that 
depends on the history of inputs to the network. This property is 
at the heart of emerging network architecture concepts such as 

memcomputing,50 evolutionary hardware,51 and physical learning 
networks.52

To realize such networks, devices should be scalable and operate 
with low power and latency. These aspects boil down to controlling 
and reducing the size (volume) of the active (switching) region, i.e., 
the filament. Multiterminal operation as introduced above is only 
possible if the filaments are separated geometrically. Hence, for scal
ing down device size, the filaments must be engineered as narrow as 
possible. Fortunately, reducing the device length L was shown to 
reduce the filament width W.30,53 The filament thickness d should 
scale with W by radial symmetry.9 We thus expect the filament vol
ume V � LWd to scale down with L3. These dimensions can be engi
neered further via the thermal coupling to the environment9,32–34 and 
the properties of the active material.24,39 Volume scaling and thermal 
engineering were furthermore shown16,18,38,54 to sharply reduce the 
required switching power and time (latency). Reducing filament vol
ume will thus benefit strongly the performance and network scalabil
ity of multiterminal ETM devices.

We conclude that in multiterminal electrothermal memristors, 
filaments of the metallic phase can stabilize in various history- 
dependent configurations. A combination of voltages applied to 
multiple terminals can control where and when filaments form and 
vanish. The electric response of our devices depends sensitively, 
repeatably, and predictably on both the applied inputs and their his
tory. Because filament formation in electrothermal memristors is 
reversible, local, and fast, multiterminal electrothermal memristors 
are a promising platform for emerging network architectures with 
built-in memory functionality.
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