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Mott resistive switching initiated by topological defects

Alessandra Milloch," 23 * Ignacio Figueruelo-Campanero,®® * Wei-Fan Hsu,? Selene Mor," 2 Simon
Mellaerts,? Francesco Maccherozzi,® Larissa Ishibe Veiga,® Sarnjeet S. Dhesi,® Mauro Spera,' Jin Won

Seo,” Jean-Pierre Locquet,® Michele Fabrizio,® Mariela Menghini,* and Claudio Giannetti:

2,9,1

! Department of Mathematics and Physics, Universita Cattolica del Sacro Cuore, Brescia 1-25138, Italy

2ILAMP (Interdisciplinary Laboratories for Advanced Materials Physics),
Universita Cattolica del Sacro Cuore, Brescia I-25133, Italy
3 Department of Physics and Astronomy, KU Leuven, B-3001 Leuven, Belgium
4IMDEA Nanociencia, Cantoblanco, 28049 Madrid, Spain
5Facultad Ciencias Fisicas, Universidad Complutense, 28040 Madrid, Spain
SDiamond Light Source, Didcot, Ozxfordshire OX11 0DE, UK
"Department of Materials Engineering, KU Leuven, 8001 Leuven, Belgium
8Scuola Internazionale Superiore di Studi Avanzati (SISSA), Via Bonomea 265, 34136 Trieste, Italy
9YCNR-INO (National Institute of Optics), via Branze 45, 25123 Brescia, Italy

Resistive switching is the fundamental process that triggers the sudden change of
the electrical properties in solid-state devices under the action of intense electric fields
[1]. Despite its relevance for information processing, ultrafast electronics, neuromor-
phic devices, resistive memories and brain-inspired computation [1-14], the nature of
the local stochastic fluctuations that drive the formation of metallic nuclei out of the
insulating state has remained hidden.

Here, using operando X-ray nano-imaging, we have captured the early-stages of re-
sistive switching in a V203-based device under working conditions. V203 is a paradig-
matic Mott material [3], which undergoes a first-order metal-to-insulator transition
coupled to a lattice transformation that breaks the threefold rotational symmetry of
the rhombohedral metal phase [2, 5, 6, 8-11, 15]. We reveal a new class of volatile
electronic switching triggered by nanoscale topological defects of the lattice order pa-
rameter of the insulating phase. Our results pave the way to the use of strain engi-
neering approaches to manipulate topological defects and achieve the full control of the
electronic Mott switching. The concept of topology-driven reversible electronic transi-
tion is of interest for a broad class of quantum materials, comprising transition metal
oxides, chalcogenides and kagome metals, that exhibit first-order electronic transitions

coupled to a symmetry-breaking order.

The insulator-to-metal transition (IMT) in Mott ma-
terials is a key mechanism for the development of the
next generation Mottronic devices [3, 13]. The intrin-
sic correlated nature of the Mott insulating state makes
these systems fragile to external stimuli [16, 17], such as
the application of an electric field, which can drive the
collapse of the electronic band structure and the sudden
release of a large number of free carriers [18, 19]. At
the macroscopic level, this phenomenon manifests in the
resistive switching process, i.e., a sharp increase of the
current flow when the applied voltage exceeds a thresh-
old value [6, 20-27]. This strong non-linearity triggered
many efforts to develop neuromorphic building blocks for
the hardware implementation of neural networks [14] or
for ultrafast volatile and non-volatile memories or proces-
sors [12, 28, 29]. The state-of-the-art macroscopic mod-
els [30] are based on resistor networks that consider in-
terconnected nodes transforming from the insulating to
metallic state in the presence of an electric field. Above
a certain threshold, a percolative transition takes place,
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thus leading to the formation of a conductive filament
and a sudden resistivity drop [22, 31].

The full control and, therefore, the exploitation of
this process is prevented by the limited knowledge of
the early-stage firing dynamics. Microscopically, little
is known about the nature of the nanoscale regions that
trigger the avalanche process. Also the relation between
the electronic and structural properties of the switched
regions and those of the pristine insulating template is a
matter of debate. Pioneering optical microscopy exper-
iments captured the real-time formation of macroscopic
metallic channels [4, 32-35], while lacking the resolution
and sensitivity to address the origin of the switching pro-
cess.

Here, we introduce a resonant X-ray microscopy to
take nanoscale snapshots of the switching dynamics at
the nanoscale during the application of an electric field
to a V503-based nanodevice. Our results unveil the fun-
damental role played by the topology of the underlying
lattice nanotexture. The breaking of the C3 symmetry
upon transition to the insulating monoclinic phase leads
to the formation of three twin domains whose boundaries
are oriented along the three hexagonal directions [36, 37].
The geometrical constraints produce strain topological
defects at the corners of monoclinic domains crossing
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FIG. 1. a) Non-primitive hexagonal unit cell of the high-temperature rhombohedral phase. b) Sketch of the rhombohedral-
to-monoclinic distortion taking place along each of the three equivalent hexagonal axes. ¢) PEEM experimental setup. X-ray
radiation with tunable energy resonant with the vanadium L 3 edge impinges on the sample and the emitted electrons are
collected and imaged through electrostatic and magnetic lenses. The V5,03 film of thickness ¢ = 20 nm is coated with gold
metal electrodes separated by a 2 pm width (w) x 50 pm length (1) gap, allowing to drive a current through the device while

simultaneously acquiring XLD-PEEM images.

with an angle of 60°. These nanoscale topological de-
fects act as seeds of the metallic phase, thus triggering
the macroscopic volatile switching. The nature of the
transient metallic state is discussed in view of achieving
ultrafast and reversible all-electronic switching.

V5,05 is a prototypical Mott insulator that undergoes
a thermally-driven transition from a high-temperature
paramagnetic metal with rhombohedral lattice symmetry
to a low-temperature antiferromagnetic insulator with
monoclinic structure [38-40]. The lattice transformation
across the critical temperature Ty implies the break-
ing of the C3 symmetry of the non-primitive hexagonal
unit cell of the high-temperature phase (see Fig. 1la).
The structural transition can thus be described [37] by a
vector order parameter:

e = (e31,€23) = € (cosqﬁn, sinq’)n) (1)

associated to the shear strain components e3; and eag
that characterize the monoclinic distortion. Below Ty,
the amplitude of the order parameter, ¢, becomes non-
zero, while the phase can assume three different values:
7r

on = (2n—1)% 2
corresponding to the distortion along the three equivalent
hexagonal axes of the rhombohedral phase, indicated in
the following by the versors €,, n=1,2,3 (see Fig. 1b).

Resistive switching from the insulating to the metal-
lic state can be induced by applying an electric field
across patterned micro-gaps at temperatures close to
Travr [4, 33, 41]. The resistive switching device inves-
tigated here is formed by a 20 nm V,05 film coated with
gold electrodes. V5,03 is grown by oxygen-assisted Molec-
ular Beam Epitaxy on a (0001)-Al,O5 substrate with a
40 nm Cr,0O35 buffer layer to reduce any interfacial resid-
ual strain [42]. The resulting V,03 film has the ¢ axis
oriented parallel to the surface normal and undergoes
the IMT at Tyyr = 145 K (see Supplementary Infor-
mation Fig. S1). Two gold electrodes allow the appli-
cation of an electric bias across the gap of width w = 2
pm and length [ = 30 pm (figure 1c). The gap region
between the electrodes is imaged using Photo Emission
Electron Microscopy (PEEM), combined with X-ray Lin-
ear Dichroism (XLD) at the Ly 3 vanadium edge (513-530
eV, see Figure S2) [36, 37, 43]. The XLD-PEEM images
are obtained from the normalized difference between im-
ages recorded with the light electric field vector, E, par-
allel and perpendicular to the surface normal at a photon
energy 520.6 eV. Since the XLD signal depends on the
angle between the in-plane component of E and € (r)
[37] (see Fig. 1b and c), this technique provides a map
- with ~30 nm spatial resolution - of the three different
monoclinic domains and their melting during the resis-



tive switching process.

Figure 2a) shows the PEEM image obtained in the
monoclinic insulating phase of V,03 at T'= 120 K. The
in-gap V503 features the nanotexture typical of the mon-
oclinic insulating phase [36, 37]. Monoclinic domains
with different ¢,, give rise to different XLD contrast,
which can be appreciated as different color intensities
within the PEEM image. The minimization of the to-
tal strain leads to the formation of stripe-like domains,
whose directions are constrained by the symmetry of the
system [37], as it will be discussed later. Each mono-
clinic insulating domain with a specific ¢,,, extends over
a few micrometers in length, thus connecting the two
electrodes, and it is characterized by a lateral size of
Waom ~200 nm [37].

The PEEM imaging is then repeated while driving a
current I through the device and measuring the volt-
age drop V across the contacts. Figures 2b)-j) show the
PEEM images acquired at increasing values of I, follow-
ing the upward branch of the hysteresis cycle. The pres-
ence of an in-plane electric field across the electrodes in-
troduces a weak image blurring that becomes significant
for electric potential differences V' larger than 6-8 V. De-
spite this effect, the nanodomains are clearly resolved
during the resistive switching process, which manifests
itself in the voltage drop observed between 0.08 mA and
1.1 mA (Fig. 2 ¢) and d) respectively). As the current
is further increased beyond the threshold value necessary
for the switching, we progressively observe the melting
of the monoclinic nanotexture in the region delimited by
white dashed lines (Fig. 2 e)-j)) and the appearance of
a channel with homogenous intensity. The XLD con-
trast measured in this region corresponds to the signal of
the high-temperature rhombohedral phase. This is also
confirmed from the angle dependence of the XLD signal
[37]. As shown in the Supplementary Information Fig.
S3, images collected with two different angles of the X-
rays polarization with respect to the in-plane V503 axes
show no intensity variation upon sample rotation in the
metallic channel, as opposed to the lateral monoclinic
domains, whose signal depends on the angle between the
light polarization and € (r). We can thus attribute the
flat signal region in the middle of the gap to the for-
mation of a metallic channel with rhombohedral lattice
structure (¢=0). In the Supplementary Information Fig.
S4, we report PEEM images obtained when repeating the
experiment in the same conditions but with a larger field
of view that allows to capture the whole gap of the device.
The metallic channel always forms in the same location
within the gap and no other metallic paths are observed.
Furthermore, when the applied current is removed, the
metallic channel disappears and the monoclinic domains
form again with the same pre-switching configuration,
indicating a volatile process.

The formation of the metallic channel is pinned by a
specific topology of the lattice nanotexture, characterized
by V-shaped domains, i.e., at the crossing point of do-
mains with the same ¢, and directions that differ by a
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FIG. 2. PEEM images before (a) and during (b-j) electric
current application at 7' = 120 K. The homogeneous regions
on top and bottom of each image are the gold electrodes; the
area in between the electrodes represents the exposed V505
surface exhibiting the striped domains nanotexture typical
of the antiferromagnetic monoclinic phase. For currents I
larger than 1.5 mA, the striped domains disappear in the
region delimited by white dashed lines. This shows that a
rhombohedral metallic filament is formed and widens as the
current running through the device is increased.

/3 angle. In Fig. 3a) we report a detail of the switch-
ing region using a colorscale that highlights the nature of
the three different domains: 1) light blue, which corre-
sponds to a monoclinic distortion along the é; direction
(¢pa=m); 2) red, which corresponds to a monoclinic dis-
tortion along the é; direction (¢1=m/3); 3) yellow, which



FIG. 3. a) Detail of the sample nanotexture in the region
where the metallic filament is formed upon application of
an above-threshold current. b) Sketch of the arrangement
of monoclinic domains crossing at 60° angle and forming a
topological defect. Blue, red and yellow areas identify the
three possible monoclinic domains corresponding to the three
equivalent order parameter directions é,. The order param-
eter at the boundaries between different domains is oriented
along é; + € (2m/3) for the red-blue interface and along éz+ €3
(47 /3) for the blue-yellow interface. The mixed red-yellow tri-
angular region indicates the local suppression of the strain at
the topological defect. The energy functional F' as function of
the order parameter 7, sketched in the left and right panels,
shows how a smaller value of €2 due to the topological defect
(green plot, solid line) results in a decrease of the insulator-
metal energy difference A.

corresponds to a monoclinic distortion along the €3 di-
rection (¢3=57/3). As demonstrated in Ref. 37, the
stabilization of the monoclinic nanotexture is driven by
the Saint-Venant compatibility condition, which guaran-
tees the continuity of the medium during a deformation
and corresponds to the curl-free condition:

¥ x 2 (r) = 0. 3)

The conservation of the parallel component of the posi-
tion dependent order parameter, ?(r), across an inter-
face between two different domains, as implied by the
curl-free condition, has two major consequences:

i) the interface between two different monoclinic do-
mains must be oriented along the direction corre-
sponding to the order parameter of the third do-
main;

ii) the interface between a monoclinic and a rhombo-
hedral metallic domain must be oriented perpen-
dicularly to the order parameter of the monoclinic
domain.

If we consider, for example, a domain with order parame-
ter along é; (light blue in Figure 3b)), its interface is ori-

ented along €1, i.e. at 7/3 angle, when it neighbours with
a €3 domain (yellow), whereas it is oriented along €3, i.e.
at 2w /3 angle when it neighbours with a é; domain (red),
in agreement with the nanotexture reported in Fig. 3.
The Saint-Venant condition corresponds to a fixed phase
jump d¢=27/3 of ?(r) across any interface between two
monoclinic domains. We note that this condition is eas-
ily satisfied throughout the domains of the VoO3 sample,
except for the vertex of the V-shaped structures formed
by the merging of two domains with €, order parame-
ter direction (blue) and boundaries oriented along the €
and €3 directions. If we consider a circuit I'; across the
boundary between two striped domains, the total phase
shift is given by d¢p=+2m/3-27/3=0 thus respecting the
curl-free condition. In contrast, the topology of the V-
shaped structure is such that, if we move around the
internal apex (I'z), the total phase-shift is constrained to
d¢p=+2m/3+2m/3=4m/3 thus breaking the curl-free con-
dition. The direct consequence is that the vertex of the
V shaped domains acts as a topological defect with frac-
tional Hopf index (see Supplementary Information Sec-
tion S6). These topological defects are inherently char-
acterized by the strong frustration of the local value of
the order parameter € (r) and local fluctuations on spa-
tial and temporal scales that cannot be captured by the
present experiment. We further note that the formation
of this kind of topological defect is a direct and unavoid-
able consequence of the quasi-1D confined geometry of
the system. Whereas the component of the order param-
eter parallel to the electrodes (€], see Fig. 3b) can be
compensated outside the gap, the perpendicular compo-
nent (e, ) should be minimized to avoid excessive strain
energy accumulation within the gap region. Thus, con-
sidering the directions of ?(r) at the boundaries between
different monoclinic domains (see Fig. 3b), the formation
of V-shaped domains is the only configuration that fulfils
the requirement e =0.

The suppression of the symmetry-breaking order pa-
rameter, ?(r), at topological defects has far-reaching
implications related to the nature of the resistive switch-
ing process. The electronic IMT can be described by a
scalar order parameter n(r) [37], which depends on the
position r and is such that 7 = —1 in the metallic state
and 7 = +1 in the insulating state. The coupling between
the electronic and structural transitions can be described
by the energy functional [37]:

Fle] o far {(7) = 1)° = 9((6) = V) niw)}.
(4

where ¢ is the coupling between the electronic order
parameter and the strain and €;(V) is a threshold pa-
rameter that controls the first-order IMT and can de-
pend on the applied voltage V. When €*(r) > €(V),
the insulating phase with n = 41 is locally favoured,
whereas for strain smaller than the threshold value, i.e.
€2(r) < €2(V), the metallic solution is stabilized. €7 (V)
thus represents the threshold above which the insulating
monoclinic state (n = +1, € # 0) becomes stable. The
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a) -V curve measured along with the collection of the PEEM images. The drop in voltage measured at I = 1.05 mA

signals the first resistive switching. b) Line profiles of the PEEM images in Fig. 2. The grey shaded area indicates the region
where the rhombohedral metallic channel is formed. c¢) Width d of the metallic filament as a function of current I in proximity
of I;p,. The blue and red markers represent the values of d obtained experimentally from PEEM images. The green solid line
is the estimate of the width d according to the two parallel resistors model, which predicts a jump to a 200 m wide filament at

I,1, (see Supplementary Information Section S5).

description of the electric-field induced transition is based
on the observation [18] that the electric field directly cou-
ples to the electronic bandstructure of a Mott insulator
and makes the metallic phase more stable. The transi-
tion can thus be described assuming that €7 (V) increases
as the voltage V is increased. The energy difference be-
tween the insulating and metallic phase can be expressed
as A(r,V) = F[-1] — F[+1] ~ g [é*(r) — &(V)]. If we
start from the insulating phase with €2(r) > €2(V = 0),
the IMT takes place when V' is increased up to the point
that A(r,V)=0. A topological defect, which locally sup-
presses €2(r), thus naturally acts as a seed with lower
threshold as compared to the rest of the system.

Intriguingly, we also note from Eq. 4 that the IMT can

take place at a non-zero value of €2(r), which makes pos-
sible the formation of a non-thermal metallic state (n =
—1) with finite monoclinic distortion (¢?(r) < €2(V)), as
already observed in non-equilibrium experiments [37, 44].
The nature of the early-stage switching process can be in-
ferred by a direct comparison between the electrical state
of the device and the melting of the monoclinic domains.
The I — V curve of the device, as measured in-situ dur-
ing the PEEM experiment, is plotted in Fig. 4a). PEEM
images are recorded at specific values of I. The I — V
plot shows that the first resistive switching event occurs
at the threshold current Iy;, = 1.05 mA. In Figure 4b) we
report a linecut of the PEEM image acquired at specific
values of I; the image profile is taken along a line cross-



ing the monoclinic domains in the middle of the device
gap (see white solid line in Fig. 4, top panel). For large
currents running through the device, the line profile in
Fig. 4b) displays a flat region, which indicates the melt-
ing of the monoclinic nanodomains due to the formation
of the rhombohedral metallic channel. As highlighted by
the grey area in Fig. 4b), the width d of the metallic
filament increases with the current, from d = 0.23 £+ 0.05
pmat I = 1.5 mA tod=3.74+0.2 pm at I = 10 mA.

Modelling the device as a circuit with two parallel resis-
tors (see Supplementary Information Section S5) allows
us to estimate the expected width d of the rhombohedral
filament corresponding to the observed voltage drop. For
large currents running through the device, the experi-
mental values of d match well with what is expected to
be the case when the metallic channel forming in the
gap has the resistivity of the high-temperature rhombo-
hedral phase, as shown in Fig. 4. However, in correspon-
dence of the first resistive switching event at I;;,=1.05
mA, this model already predicts the sudden formation of
a ~ 200 nm wide metallic rhombohedral filament, which
is not visible from PEEM measurements (see Fig. 4c and
Supplementary Information Fig. S5), despite being well
above the experimental resolution of the microscope. To
explain this discrepancy, one might suspect that a rhom-
bohedral metallic filament forms below the surface of the
V5,05 film, where it is not detected by PEEM which
is mainly a surface technique, sensitive to the first few
nanometers. In fact, two arguments act against this pos-
sibility: i) the presence of the CryO5 buffer layer allows
to reduce the substrate-film lattice mismatch from 4.2%
to 0.1%, thus removing almost entirely the residual epi-
taxial strain in the VoOg film [42], which is known to sup-
press the monoclinic phase and favour interfacial metal-
licity [42, 45]. In contrast to highly-strained films, in
which the metal to insulator resistivity jump is strongly
suppressed [45], our films display the 5-order of magni-
tude resistivity change typical of the unstrained metal-
to-insulator transition (see Fig. S1); ii) the curl-free con-
ditions force the interface between monoclinic and rhom-
bohedral metallic regions to be oriented perpendicularly
to the order parameter of the monoclinic domain. The
formation of a below-surface metallic layer would lead to
a sharp (< 20 nm) monoclinic-rhombohedral interface
parallel to &, thus leading to a dramatic increase of the
strain energy of the system. Our results are compatible
with a complex scenario in which the topology-driven re-
sistive switching likely occurs first via the sudden trans-
formation of a single 200 nm wide insulating mono-
clinic domain into a metallic channel with a non-thermal
monoclinic lattice structure. At a second stage, the
Joule heating leads to the thermally driven monoclinic-
to-rhombohedral structural transition and the formation
of rhombohedral metallic channels perpendicular to both
the metallic electrodes and the é; order parameter direc-
tion, as observed in Fig. 2.

The X-ray-based nanoimaging of a Mott device
under operating conditions allowed us to simultaneously

capture the formation of nanoscale conductive paths
and the topology of the underlying symmetry-broken
nanotexture. The present results expand our knowledge
of the resistive switching process in Mott materials by
demonstrating the leading role of inherent topological
defects in the firing process. The combination of the
methodologies here introduced with nanoscale strain
engineering approaches unlocks the gate to new oppor-
tunities to manipulate topological defects and control
the electronic switching dynamics in real devices, such as
Mott-transition-based RRAM [46, 47], Mott memristor
[48-50] and artificial neurons [51, 52]. The concept
of topology-driven resistive switching will be key to
assessing the possible non-thermal nature of the early
stage electronic phase [37] as well as the microscopic
origin of memory and non-volatile effects recently
observed in Mott devices [6]. We finally note that the
intimate relation between topological defects and elec-
tronic phase transitions is a general concept, potentially
extendable to any system that undergoes a first-order
phase transition accompanied by some form of symmetry
breaking, as described by the energy functional (4).
Relevant examples embrace transition-metal oxides
[3, 53], such as vanadates, nickelates and manganites,
and layered materials, such as 17-TaS, [54-57], in which
the insulator-to-metal transition is accompanied by
charge-, lattice- and orbital-ordered states with reduced
symmetry.  Other interesting platforms are cuprate
superconductors [58] and kagome metals [59] in which
light- or magnetic-induced discontinuous electronic tran-
sitions coexist with charge-order. We thus provide a new
framework for non-equilibrium electronic phase transi-
tions and optical control of hidden states [57, 60, 61]
in a broad class of quantum materials, in which the
early-stage dynamics can be reversibly controlled by
light or voltage, exploiting topological defects of the un-
derlying symmetry-breaking order parameter [57, 62, 63].
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S1. V,03 FILM RESISTIVITY
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FIG. S1: Temperature dependent resistivity of the 20 nm V5,03 film employed for PEEM measurements.

S2. DEVICE FABRICATION

The V5053 thin film is patterned using standard optical lithography using AZ1505 resist. After developing
the exposed areas, we deposit 5 nm of Ti + 60 nm of Au in an electron beam evaporator with a base pressure
in the range of 10~ mbar. Finally, the sample is lifted off in acetone and cleaned with IPA and N, gas.

* alessandra.milloch@unicatt.it

T ignacio.figueruelo@imdea.org
¥ claudio.giannetti@unicatt.it



S3. X-RAY ABSORPTION SPECTROSCOPY
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FIG. S2: X-ray absorption spectra at the vanadium L-edge for linear vertical (LV) and linear horizontal
(LH) polarizations. PEEM imaging is performed by exploiting the linear dichroism at photon energy 520.6
ev.

S4. PEEM IMAGING DURING RESISTIVE SWITCHING
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FIG. S3: a, b) PEEM images collected for two orthogonal directions of the X-rays polarization with respect
to the crystalline axes of the V,03 film. Upon rotation, the XLD signal is unchanged in the untextured
corundum region in the middle of the image while it changes sign in the monoclinic region, with dark
domains in a) appearing as light domains in b) and vice versa. c¢) Line profile of the PEEM images in a)
and b).
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FIG. S4: a) I — V curve obtained from a current sweep from 0 to 10 mA (red lines) and back from 10 to 0
mA (blue lines). The colored numbers in the plot indicate the point in the I — V' curve where PEEM
imaging is performed while keeping constant the current I running though the device. b) PEEM images
collected on the device gap while an electric current is applied. The 25 pm field of view employed here
allows to image the full device length. The corundum filament formed after resistive switching is detected
for currents I > 1.5 mA and is highlighted by black dashed lines. When the current is decreased, the
corundum filament disappears at I = 0.375 mA (panel 8), i.e. just outside of the hysteretic region of the

I-V curve.



S5. METALLIC CHANNEL WIDTH ESTIMATE

The V5,03 device can be modelled as a circuit with two parallel resistors. The corundum channel is described
as a wire of resistance Ry; = pprw/dt, where pys is the V4,03 resistivity of the high-temperature phase, w
is the separation between the two electrodes, d is the width of the metallic filament formed after resistive
switching and ¢ is the vanadium oxide film thickness. The region of the device gap that remains in the
monoclinic phase is instead assumed to have resistivity py = Ry (I —d)t/w, with Ry resistance measured from
a two-point measurement at T = 120 K.

The expected metallic filament width is estimated considering the instantaneous equivalent resistance R.,
- obtained from the I — V curve in Fig. 4a and taking into account the estimated contact resistance of
200 Q - and pp; = 0.001 Q cm, which is the value for the high-temperature resistivity of V5,05 thin films
(see fig. S1). The values obtained from the two resistors model are plotted in Figure Sha (grey solid line)
as a function of current I. The shaded area represents the range of the values estimated for d when pj,,
t and [ are varied by 10% to account for experimental uncertainty. For I > Iipreshoid, this simple model
accounts for the filament width measured experimentally (red markers in Fig. Sba). In proximity of the
resistive switching, however, there is no agreement between the values of d estimated from the model and
the experiment. In particular, as highlighted in the plot in the inset, at I;preshoia the two resistors model
predicts the formation of a 200 4+ 50 nm wide filament, which, despite being well above the experimental
resolution of the microscope, is not detected from PEEM measurements. Figure S5c-e display a detail of
the PEEM images in the region of the filament formation. In the first image acquired at I > Ijpreshoia (fig.
S5 d), namely at I = 1.1 mA which corresponds to the point in the I — V' curve at the base of the voltage
drop, the nanodomains arrangement appears unchanged as compared to the configuration observed before
switching (fig. S5c). This is better highlighted from the comparison of the PEEM line profiles reported in
fig. S5b. The XLD signal modulations obtained at I = 0.04 mA and I = 1.1 mA overlap very well, as
opposed to the curves for I >1.5 mA that deviate from the before-switching ones in the 3.5 pm region where
the corundum filament is formed.
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FIG. S5: Details of the filament formation across the resistive switching threshold current. a) Width of
metallic filament (red markers) as a function of the current I. The blue dashed line indicated the threshold
current for resistive switching 1.05 mA. The grey line is the estimated width of a metallic filament obtained

from a two parallel resistors model. The inset represents a zoom-in of the area highlighted by the black

dashed rectangle. b) Line profiles of the PEEM images where the metallic filament forming at position
~3.5 pm is detected by the flattening of XLD contrast. No variation is observed right after resistive
switching, but only starting from I = 1.5 mA. c-e) PEEM images collected with applied currents lower (c)
and higher (d-e) than 1.05 mA where resistive switching happens. No 200 nm wide corundum filament is
observed right after the voltage drop (d).



S6. ORBIFOLDS

The 47 /3 phase shift of € (or, rather, a suitable regularization thereof) around the circuit I'y with ensuing
fractional Hopf index (at the vertex V of the v-shaped domain) vy (€) = (47/3) : 2 = 2/3 suggests the
presence of a 2w /3-conical singularity at V: a neighbourhood of V' is a cone obtained by identifying the
sides of a circular sector with angle 27/3, or, equivalently, as the orbit space D/Z3, D being a disc centred
at V and the Zs-action is generated by the 27/3-rotation around V', giving rise to an orbifold O (see e.g.
[S1-S4]). Specifically, this goes as follows. The fundamental group m (D \ {V} 2 Z) can be represented via
the holonomy of a flat U(1)-connection (gauge field) € = édg, € = 2/3, gauge equivalent to € = e;dz + eady
(where €= (€1, €2)), namely

U(y) := et e =l fi¢

yielding, for v = I'y,

U(Fg) _ e2m’% — 3T

reproducing the overall phase shift of €. The representation U then descends to a representation the funda-
mental group of the cone (with V removed) (22 Z3) since U(T'3) = U(I'3)3 = 1.

Globally, one may envisage the following situation: if we assume O compact and topologically a sphere S,
then O could be taken as the quotient S/Zs (with the Zs-action given by rotations around a fixed axis):
this is an example of good orbifold. The orbifold Euler characteristic x°*®(O) then equals x(S)/3 = 2/3.
Indeed, recall that if |O| denotes the topological space underlying O and the latter possesses a finite number
of 27 /pj-conical singularities o;, the following general formula holds:

(0) = x(0) = 3 (1 = )

j J

together with the orbifold Poincaré - Hopf theorem
(0) = 3 (x)
J
with X any smooth vector field on O and
U (X) = 1, (X) ;-

where 1,(+) is a standard Hopf index (total phase shift when traversing a simple circuit around o divided by
27 = number of turns of a vector field around o). We are then led to view € as a vector field with a zero at
V, with index 2/3 and no other singularity. On the other hand, a single teardrop singularity (x°™*(O) = 4/3,
a bad orbifold) is not allowed unless € also vanishes at another point, with index 2/3 thereat.
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