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Quantized vortices are ubiquitous in physics, spanning superconductivity, astrophysics, superfluid con-
densed matter systems, and nonlinear optics. Yet embedding vorticity into topologically protected non-
linear states has remained a major challenge, with all previously observed corner solitons in higher-order
topological insulators (HOTIs) exhibiting only trivial phase distributions. Here, we report on the first real-
ization of stable topological corner vortex solitons in a photonic fractal HOTI. Using an array of laser-
written waveguides in the shape of Sierpinski gasket with a controllable distortion, we design linear
topological vortex modes, from which nonlinear corner vortex solitons bifurcate. Moreover, we demon-
strate that these solitons exhibit exceptional robustness across a broad power range and, unlike vortex
solitons in topologically trivial lattices, form without a power threshold. Our results introduce the angu-
lar momentum degree of freedom into the physics of topological corner modes, opening prospects for
topologically protected vortex-based photonics.
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1. Introduction

Topological materials represent a fundamentally new phase of
matter, characterized by a qualitatively distinct behavior of bulk
and boundary excitations [1-4]. Although insulating in the bulk,
these materials support the propagation of exceptionally robust
in-gap excitations at their edges that are protected by the mate-
rial’s band topology. Such topological excitations can carry infor-
mation and energy, enabling robust transmission along the edges
of material even in the presence of defects, edge deformations or
bends. These features align well with modern technologies of
information encoding in the phase of propagating fields, including
the use of topological charges of nested vortices. However, embed-
ding the vorticity into topological states remains elusive. The prop-
erties and localization of topological states are intrinsically tied to
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the symmetry of the bulk [5] and edge geometry of the material.
Since vortex-carrying states typically occupy multiple sites of the
system, they are difficult to harmonize with the specific symmetry
of topological edge states. Moreover, the nature of topological insu-
lators imposes fundamental constraints on the dimensionality and
spatial extent of the topological states that can emerge. For exam-
ple, in conventional topological insulators, the effective dimension-
ality of the edge states is only one lower than that of the bulk, and
they are extended in the direction along the edge [1-3]. Higher-
order topological insulators (HOTIs) extend this paradigm by sup-
porting corner-localized modes whose effective dimensionality is
reduced by at least two relative to the bulk [6,7]. Thus, two-
dimensional HOTIs [8-15] can host effectively zero-dimensional
corner states.

As a universal physical phenomenon, HOTIs have been demon-
strated across diverse platforms, including acoustics, photonics,
matter-wave and optoelectronic systems [6,7]. Notably, HOTIs
have been constructed not only in bulk-periodic structures
[9-14,16-19], but also in aperiodic systems exhibiting discrete
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rotational symmetry, with the most prominent examples being
disclination structures [20-27] and fractals [28-33]. However,
the creation of topological states with nontrivial phases like vor-
tices is particularly challenging in HOTIs. Specifically, their excita-
tions are strongly localized in the corners, their spectrum usually
permits only single-mode states, and their properties are strongly
dependent on geometry. As a consequence, only the simplest,
single-mode corner states have been observed experimentally in
HOTIs, while incorporation of vorticity into such modes remains
a fundamental challenge. Meanwhile, the interplay of topology
and nonlinearity has attracted intense interest, because nonlinear
self-action enables families of self-sustained states that inherit
topological protection from their linear counterparts [34-36]. In
photonic systems, for example, nonlinearity serves as a versatile
knob for control of localization, internal structure and evolution
of topological states [37-41]. Despite theoretical proposals and
experimental progress on nonlinear corner states in HOTIs [42-
46] and in polaritonics [47-51], all corner solitons observed to date
also have exhibited only trivial phase distributions, while self-
sustained corner states carrying global vorticity have not been
reported. This is connected with the fact that vortex solitons repre-
sent excited higher-order states of the system that are typically
prone to azimuthal instabilities and that usually require consider-
able power thresholds for their formation, at least in topologically
trivial systems.

Here we demonstrate experimentally stable topological corner
vortex solitons in a photonic fractal HOTI realized as a Sierpinski-
gasket array of fs-laser-written single-mode waveguides. Fractal
HOTIs host multiple in-gap corner modes with tunable degenera-
cies, which enables the construction of linear corner vortex modes
using a superposition of states from a degenerate corner doublet.
Crucially, the emergence of such corner doublets stems from the
fractal structure of the waveguide arrays and is independent of
the discrete rotational symmetry of the entire Sierpinski-gasket
array. To the best of our knowledge, such corner doublets are not
found in conventional HOTIs that were widely analyzed previously
and that are based on either square (Su-Schrieffer-Heeger-like) or
honeycomb lattices [6]. The spectra of these systems either lack
degenerate corner states entirely, or when they do exist, linear
combinations of such states do not lead to vortices near the corners
of the structure. We show that self-focusing nonlinearity generates
continuous families of corner vortex solitons that bifurcate from an
in-gap vortex eigenstate, explaining their thresholdless formation
in the topological regime. Since the localization of such states
strongly depends on their position within the topological gap, non-
linearity enables precise tuning of the shapes of corner vortex soli-
tons, thereby introducing a desired control into this topological
platform. We confirm vorticity directly via phase-resolved interfer-
ometry, revealing a persistent phase singularity between the three
corner waveguides for m = +1.

2. Theoretical modeling

Propagation of light in waveguide arrays considered here is gov-
erned by the dimensionless nonlinear Schrédinger equation for
light field amplitude

oy
15— (1)

where (x,y) and z are the transverse coordinates and propagation
distance, respectively; V> = 97 + 9;; the function
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describes waveguide array composed from waveguides of depth p,
widths wy, wy, with centers in (X, ¥, ,) Points. Stationary solutions
of Eq. (1) have the form ¢ = u(x, y)e"? and can be obtained from the
equation

bu = %Vzu + 2(x,y)u + |u|u,

where u describes the profile of the state and b is its propagation
constant (eigenvalue).

To provide the mapping between dimensionless power U of
light beams in numerical modeling, which is defined as

U= // 1 2dxdy (2)

and real peak power P, we use standard normalizations adopted in
our previous works [45,46], where the real field amplitude & and
the dimensionless one are connected as

1/2
o)

where k =2nn/i and 4 =800nm is the central working wave-
length, while r, = 10 um is the characteristic spatial scale to which
transverse coordinates x,y are normalized. The unperturbed refrac-
tive index of fused silica is n=1.45. In this case, the relation
between P and U is given by

p= // P26 Pdxdy = —— // WPdxdy = U,
. k'ny J. k™n,

where the nonlinear coefficient n, ~ 2.7 x 107 m? /W at the wave-
length 4 = 800 nm for fused silica.

n
Ir2n,

3)

(4)

3. Results
3.1. Lattice, spectrum, and modes

We consider third-generation (Gs) Sierpinski gasket fractal
arrays created using fs-laser writing [52-54] as a structure for real-
ization of HOTI. Schematic illustrations and microphotographs of
the arrays are shown in Fig. 1a (see Section S1 in the Supplemen-
tary Materials). Self-similar fractal structures characterized by a
non-integer effective dimensionality have been established as a
perspective platform for investigation of topological phenomena
[28-33,45,55,56]. These structures are aperiodic and sometimes
considered as lacking a well-defined insulating bulk, while their
topological characterization requires real-space invariants
[29,30,55,56]. We introduce controllable Kekulé-like distortion
(that is also known as Wu-Hu approach [57]) already into first-
generation (G;) arrays (see Fig. 1a), characterized by a shift r indi-
cated in Gy, while keeping next-nearest spacing a fixed. The param-
eters of arrays entering into function #2(x,y) describing refractive
index distribution in such structures are indicated in the caption
of Fig. 1.

Neglecting nonlinearity and using plane-wave expansion
method, we obtain the linear spectrum of modes of the fractal
array as a function of parameter r displayed in Fig. 1b (see also
the dependencies of all eigenvalues b on mode index n for repre-
sentative values of r = 0.3a,0.5a and 0.7a corresponding to dashed
lines in b(r) plot). The fractal HOTI hosts multiple in-gap topolog-
ical modes (colored dots) associated with internal and external
boundaries [33].

Atr < 0.5a, a manifold of nearly degenerate states (green line in
Fig. 1b) appears in the internal and external corners of the struc-
ture (Fig. 1c). At r > 0.5q, several coexisting topological states in
outer corners appear. The orange line in Fig. 1b corresponds to
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Fig. 1. Lattices, spectra, and modes. (a) Sketches of the fractal G; waveguide arrays with different distortion parameters r. Triangles indicate G; elements. The insets show
microphotographs of corresponding fs-laser written arrays. (b) Linear spectrum of G5 fractal array as a function of r and eigenvalues b vs mode index n corresponding to three
vertical dashed lines in (b). Colored dots correspond to topological states, gray dots to delocalized states. Black dots with letters correspond to representative eigenmodes u,,
whose |u,| distributions (with superimposed on them array contours) are depicted in panels (c-k). Among them are two degenerate corner states u4, (f) and i3 (g) that can be
used to construct corner vortex state ug + ius3 whose modulus and phase are shown in (h). Panels in (c-k) are shown in —25 < x,y < 25. Array parameters are

a=34,w,=08w,=0285 and p=33.

threefold degenerate states (mode index n = 13-15), where three
corner spots are in-phase (Fig. 1d and e). Their localization
increases when one moves away from r = 0.5a point correspond-
ing to equal waveguide spacing. Of particular interest is the blue
branch at r > 0.5a which corresponds to sixfold degenerate modes
(index n = 40-45) and contains pairs with different structures of
spots in array corners (see exemplary states u,, and ug3 in Fig. 1f
and g). Their superposition u4; + itly3 forms a linear corner vortex
state (Fig. 1h). The phase singularity in such states is positioned
between three corner waveguides (inset in Fig. 1h), and the mode’s
localization increases with the shift parameter r. We stress that the
appearance of pairs of degenerate modes residing in the same cor-
ner is unique for selected fractals and is not tied to discrete rota-
tional symmetry %5 of the entire structure (the symmetry axis
passes through the center of the array, but not near its corners).
At the same time, if one considers three corner waveguides as an
isolated subsystem from the rest of the lattice, it would also have
discrete rotational symmetry %5. In accordance with group theory
arguments [58], such systems can support vortex modes with
topological charges not exceeding m = 1. The examples of delocal-
ized states (associated with gray lines in Fig. 1b) coexisting with
topological ones are shown in Fig. 1i-k. Notice that topological nat-
ure of modes from colored branches in Fig. 1b is confirmed by non-
zero values of real-space polarization index for them, as discussed
in Refs. [29-31,45].

3.2. Families of corner vortex solitons

In a nonlinear medium, topological corner vortex states give
rise to families of corner vortex solitons that can be obtained by
the Newton method. They are characterized by power
u=J [w|*dxdy shown in Fig. 2a as a function of propagation con-
stant b. We emphasize that corner vortex solitons bifurcate from
linear vortex states (see blue curve, where U— 0 when b
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approaches eigenvalue of linear vortex at a given r) and exist across
several spectral gaps. This is the key mechanism underlying
thresholdless formation: the nonlinear state emerges continuously
from an already localized in-gap vortex eigenstate rather than
requiring finite-power self-trapping. When b enters into the band
of delocalized states, coupling with them occurs, resulting in delo-
calization of corner state and rapid increase of power U (compare
soliton profiles in Fig. 2b and c from the same family). Neverthe-
less, the continuation of the family of vortex solitons can also be
obtained in higher-lying gaps (orange and green curves) that, in
turn, couple with delocalized states when power becomes too high
(compare profiles in Fig. 2d and e). Thus, one can consider that
while the bands of delocalized states locally “interrupt” the conti-
nuity of the corner vortex soliton families, all such corner vortex
soliton families marked by different colors in distinct band gaps
do originate from corresponding linear corner states. One can also
conclude that nonlinearity introduces tunability in our system and
allows for considerable reshaping of self-sustained states even in
fabricated structures with a fixed r/a parameter.

The variation of shapes of corner vortex solitons with increase
of power strongly depends on chosen value of distortion parameter
r. Thus, when r is closer to 0.5q, linear corner vortex states appear
much less localized and extend into the array. In this case, when
one increases the propagation constant b (and hence the peak
power of solution U), corner solitons originating from such moder-
ately localized linear corner modes do experience visible reshaping
already in the gap — their localization initially increases with
increase of b. When the propagation constant of such solitons
crosses the band of delocalized states, they also exhibit delocaliza-
tion. In this case, one observes nonmonotonic variation of soliton
width with increase of b, as shown in Section S4 in the Supplemen-
tary Materials.

We stress that corner vortex solitons in fractals are stable in a
broad range of powers, as confirmed by their propagation with
added noise (up to 5% in amplitude) in the frames of Eq. (1) over
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(a)

Corner

Fig. 2. Corner vortex soliton family. (a) Power U of corner vortex solitons in a fractal
array as a function of b at r = 0.7a. Solid (dashed) lines correspond to stable
(unstable) solitons. Purple regions indicate bands of extended states, while gray
lines show eigenvalues of linear corner states. (b)-(e) Field modulus and phase
(insets) distributions in solitons corresponding to the dots with letters in (a).

a huge distance z ~ 4000, far exceeding sample length. Stable
branches in Fig. 2a are shown with solid lines, unstable ones with
dashed lines. Notice stability in finite gaps, and instability in a
semi-infinite gap (see Section S3 in the Supplementary Materials,
where we also present the details of linear stability analysis).

3.3. Observation of corner vortex solitons

To realize corner vortex solitons, we used fractal waveguide
arrays inscribed in fused silica (unperturbed refractive index

n=1.45 and nonlinear coefficient n, ~ 2.7 x 102°m?/W at the
wavelength 1 = 800nm) with next-nearest waveguide spacing of
34 pum (corresponding to a = 3.4) and various shift parameters r
from 0.4a to 0.8a. The 99.1 mm physical sample length corresponds
to z ~ 87 in our theoretical model (characteristic diffraction length
of 1.14mm is used in normalization of z for beam width of 10 pm).
The evaluated refractive index modulation depth in array

on~3.7x107* corresponds to p = 3.3 adopted in simulations.
The implemented “multi-scan” writing technology (see Section S2
in the Supplementary Materials) allows the creation of waveguides
supporting nearly circular modes (even though the cross-sections
of such waveguides in microphotographs in Fig. 1a may look
slightly rectangular). This results in a nearly isotropic coupling
between the waveguides. In simulations, the couplings in such a
system are accurately captured by considering just minimal
ellipticity of waveguides: wy, = 0.8 and w, = 0.85. Namely, such
minimal ellipticity guarantees that modes giving rise to corner vor-
tex states remain practically degenerate in a broad interval of dis-
tortion parameters r, see Fig. 1b. To efficiently excite corner
vortex solitons, we used a spatially structured pulsed laser excita-
tion (580fs pulses of variable energy E obtained from 1kHz Ti:sap-
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phire laser system, which provides high peak powers P up to several
MW). Using the reflective spatial light modulator (SLM), we created
a three-spot pattern with properly designed phases 2tm(x — 1)/3,
where m = +1 is the topological charge, and k = 1,2, 3 is the index
of corresponding laser beams. The beams of equal intensities with
desired phases are then focused onto three corner waveguides.
We note that the implemented structured excitation ensures a
strong overlap with the desired corner vortex state (see Section S2
in the Supplementary Materials for details).

To illustrate the importance of the shift parameter r for emer-
gence of topological corner states, we first consider the array with
r=0.5a, where all eigenmodes of the array are effectively
extended. Using three-spot input with in-phase spots (that corre-
sponds to m = 0) focused into three corner waveguides reveals
strong diffraction broadening at low peak powers P ~ 0.01 MW
(see Fig. 3a showing corresponding experimental output intensity
distributions with maroon background). Only with an increase of
input peak power to values P > 2 MW, one observes the contrac-
tion of light to three corner waveguides and formation of a com-
pact corner soliton that in this case occurs above a considerable
power threshold. Notice that for m = 0 input, the output pattern
is symmetric with respect to x = 0 axis. These observations are
confirmed by theoretically calculated output intensity distribu-
tions at different dimensionless powers U shown in Fig. 3b (images
with purple background). Using vortex-carrying inputs with
m = +1 (Fig. 3c) and m = —1 (Fig. 3d) reveals stronger diffraction
for the same peak low and moderate power levels P that becomes
notably asymmetric. The formation of a corner vortex soliton
occurs in this case above an even higher power threshold
P ~ 3 MW. We observed similar outputs in arrays with r = 0.4a.

Experimental evidence of thresholdless topological corner vor-
tex solitons is presented in Fig. 4 in a fractal array with shift param-
eter r =0.7a that supports well-localized linear corner vortex
states. When using three-spot input with m = -1 vortex, we
observed (Fig. 4a) that light remains confined predominantly in
three corner waveguides across all power levels, from
P=0.01 MW to P=3 MW (limited by the material damage
threshold), and that vortical phase structure, with a singularity
between three corner waveguides, is present in all cases. This con-
firms thresholdless and topological nature of such solitons (i.e.,
their bifurcation from in-gap linear vortex corner states), as well

(a)

P =3.0MW

P = 0.4MW P = 0.4MW

Fig. 3. Experimental excitations in topologically trivial lattice. (a) Output experi-
mental intensity distributions (panels with maroon background) for trivial-phase
excitation (m = 0) of three corner waveguides in a fractal array with r = 0.5a at
different input peak powers P compared with (b) theoretical output distributions
(panels with purple background). (c) and (d) show comparison of the experimental
and theoretical output intensity distributions for vortex-carrying excitation of three
corner waveguides with m = +1 (c) and m = —1 (d).
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(a)

P = 0.01MW > = 0.4MW P =2.0MW P =3.0MW

P = 0.0l MW

Fig. 4. Experimental excitation of corner vortex solitons. Comparison of experi-
mental (a) and theoretical (b) output intensity distributions for vortex-carrying
excitation (m = —1) of three corner waveguides in an array with r=0.7a at
different peak powers. (c) The same for m = +1 excitation.

as their exceptional robustness. Notice that output intensity distri-
butions are slightly distorted at low and moderate peak powers (i.e.,
they do not feature ideal %5 discrete rotational symmetry). This is a
consequence of slight ellipticity of waveguide modes that cannot be
eliminated completely even with “multi-scan” writing technique.
Increasing peak power to P = 2 MW practically eliminates this dis-
tortion. These observations are in agreement with theoretical sim-
ulations shown in Fig. 4b. Similar results for m = +1 vortex-
carrying inputs (Fig. 4¢) confirm the system’s high symmetry.

As one can see from theoretical plots in Fig. 2, coupling with
extended states in the band should result in the appearance of long
tails inside the array. We do not see such tails (that would clearly
indicate nonlinearity-induced reshaping) in experiments, only
because for chosen distortion parameter r value they start to
appear for peak powers P >3 MW that is close to the material
damage threshold. For this reason, to avoid sample damage, we
did not increase peak power well above 3 MW. At the same time,
by looking at distributions in Fig. 3 (in the trivial case), one can
see that the nonlinear contribution to the refractive index is con-
siderable at such peak powers and notably changes output inten-
sity distributions, so this regime is indeed strongly nonlinear.

To unequivocally confirm the vortical structure of the output
fields in Fig. 4, we recorded and analyzed single-shot interference
patterns of output fields with a coherent plane wave for different
peak powers to retrieve the output phase distributions (see Sec-
tion S1 in the Supplementary Materials). Experimentally measured
normalized fringe patterns and corresponding phase distributions,
zoomed in around three corner waveguides, are shown in Fig. 5a
and b for m = —1 and in Fig. 5c and d for m = +1 vortex solitons,
respectively. The fork (denoted with white circles) in the interfer-
ence pattern with orientation reflecting the charge of the vortex is
present between the corner waveguides at all peak power levels.
Retrieved phases conclusively confirm global vorticity imposed
on the field for both m = —1 and m = +1 cases.

4. Conclusion

Summarizing, we have experimentally observed corner vortex
solitons in nonlinear HOTIs based on a fractal waveguide array
and verified their vorticity by phase-resolved interferometry. The
essential mechanism is the degeneracy-enabled construction of
an in-gap corner vortex eigenstate, which yields thresholdless non-
linear continuation into robust vortex-soliton families. We found
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Fig. 5. Experimentally measured phase distribution of the excited corner vortex
soliton. (a, c¢) Experimentally measured single-shot interference patterns and
corresponding retrieved phase distributions (b, d). Measured phases confirm the
formation of corner vortex solitons with topological charge m = -1 (a, b) and
m = +1 (c, d) at different peak powers P. White circles schematically denote the
position of the phase singularity.

that observed vortex solitons in fractal arrays are exceptionally
robust in a broad power range and that localization of the
vortex-carrying modes can be changed via design of the underlying
fractal structure. Our work opens a route to the investigation of
diverse nonlinear phenomena in topologically nontrivial systems
hosting vortices. This includes generation of new frequencies and
states with higher topological charges, nonlinearity-controlled
switching, and lasing.

Our findings reveal a rich interplay among fractality, topol-
ogy, orbital angular momentum degree of freedom, and nonlin-
earity. They open avenues for experimental studies of fractal
topological systems in domains beyond photonics, such as acous-
tics and matter-wave physics. While obtained for self-focusing
nonlinearity, our results can be generalized to the case of self-
defocusing materials. Furthermore, instead of the waveguide
array systems, topological fractal micropillar arrays could be
realized in exciton-polariton microcavities or other dissipative/-
cavity platforms [59]. Under resonant pumping [60], such sys-
tems may support lasing in corner vortex solitons and exhibit
bistability effects with vortices. The system proposed here could
be generalized to nanoscale settings, to achieve the formation of
topologically protected nano-vortices, by analogy with recent
experiments with lasing on topological disclinations [26]. Finally,
vortex-carrying states and new aspects of their localization asso-
ciated with fractality of topological structure could be explored
in p-orbital HOTIs [61,62].
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