Article

Photonic topologicalinsulatorinduced by a
dislocationinthree dimensions

https://doi.org/10.1038/s41586-022-05129-7

Received: 14 December 2021
Accepted: 20 July 2022

Eran Lustig"®, Lukas J. Maczewsky?>5, Julius Beck?, Tobias Biesenthal?, Matthias Heinrich?,
Zhaoju Yang?®, Yonatan Plotnik’, Alexander Szameit & Mordechai Segev'*™

Published online: 28 September 2022

M Check for updates

The hallmark of topological insulators (Tls) is the scatter-free propagation of
waves in topologically protected edge channels'. This transport is strictly chiral
onthe outer edge of the medium and therefore capable of bypassing sharp corners

and imperfections, even in the presence of substantial disorder. In photonics,
two-dimensional (2D) topological edge states have been demonstrated on several
different platforms®*and are emerging as a promising tool for robust lasers®,
quantum devices®®and other applications. More recently, 3D Tls were demonstrated

in microwaves’® and acoustic waves

103 where the topological protectionin the

latter isinduced by dislocations. However, at optical frequencies, 3D photonic

Tls have so far remained out of experimental reach. Here we demonstrate a photonic
Tlwith protected topological surface states in three dimensions. The topological
protectionisenabled by ascrew dislocation. For this purpose, we use the concept of

synthetic dimensions

14-17 5

in a 2D photonic waveguide array™ by introducing a further

modal dimension to transform the systeminto a 3D topological system. The lattice
dislocation endows the system with edge states propagating along 3D trajectories,
with topological protection akin to strong photonic TIs®?°. Our work paves the way
for utilizing 3D topology in photonic science and technology.

Photonictopologicalinsulators (TIs) are systems that facilitate robust
and unidirectional flow of light along the edges of the device***. On the
basis of similar principles as electronic TIs', these artificial electromag-
netic mediaare engineered to exhibit a topologically non-trivial band
structure and constitute apromising platform for applications such as
forcing extended ensembles of laser emitters to act as one laser® and
various applications in quantum optics®’. However, unlike electronic
Tls, topological photonics has so far mostly relied on one-dimensional
(1D)* and 2D geometries—essentially confining them to a small subset
of possible topological phases. Because photons only interact weakly
with surrounding fields, realizing 3D TIs for photons has remained a
formidable challenge.

3D TiIs that obey time-reversal symmetry are generally divided into
two categories: weak and strong?. Strong Tls host 3D edge states on
all of their surfaces and are impervious to variationsin the shape of the
mediumor disorder that is small compared with the bandgap energy. By
contrast, weak 3D TIs are topologically equivalent to stacked arrange-
ments of 2D Tls. In a similar vein, systems lacking time-reversal sym-
metry may also support 3D Tls by stacking 2D TIs. In the context of
bosonic topological systems, these too are considered ‘weak’, as they
donot exhibit topologically protected surface states®. Forexample, a
3D cubiclattice with a constant magnetic field along one of the lattice
axesisaweak Tlin3Din the following way (Fig. 1a). Because each of the
2D layers supports an edge state (Fig. 1b), the 3D composite structure
is characterized by several edge states propagating on four surfaces.

However, theindividual edge states couple to one another, giving rise to
adispersion curve onthe surface of thelattice. Consequently, the edge
states can form a gap, rendering them vulnerable to disorder similar
to weak 3D Tls in electronic systems with time-reversal symmetry?.

Suchstructures were recently suggested** > and demonstrated® with
magneto-electric coupling at microwave frequencies. Anotable situa-
tion occurs whenascrew dislocationis introduced into such a system®
(Fig. 1c). In contrast to the coupling between the planar topological
edge states in the pure lattice of a weak TI, the entirety of all the edge
states merges into a single edge channel that winds helically around
the outer surface of the 3D system. As a result, the phases between
neighbouring edges are strictly fixed, preventing the formation of a
bandgap and rendering the transport immune to disorder (Fig. 1d).
In other words, the dislocation forces the edge states to propagate
in all three dimensions and endows the 3D weak TI with topological
protection to its edge states?*?. Recently, such dislocations in three
dimensions were demonstrated inacoustic'®", mechanical”and elec-
tronic systems™?, inwhich 1D topologically protected channels formed
between two dislocationsin a 3D system.

In photonics, in which magneticinteractions are prohibitively weak
atoptical frequencies, unorthodox approaches arerequired to tackle
the problem of implementing the physics of Tls on electromagnetic
waves>*. Recently, the concept of synthetic dimensions has gained
popularity for exploring effects that are otherwise unapproach-
able owing to limitations in geometry, connectivity and fields in real
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Fig.1|Aweak TIlversusa3D TIwithadislocationinbosonicsystems. a,
Illustration of a cubic lattice with a constant magnetic field along one of its
axes, whichmaps to stackinglayers of 2D Tls. b, Edge states from the different
square TIsthat can couple toeach otherandformagap.c, Aweak Tl (froma)
withadislocation defined by the Burgers vector v.d, Inthe presence of ascrew
dislocation, allindividual edge statesin aweak TImerge into edge states that
wind around the entire 3D system. These edge states no longer map to
degenerate edge states of aweak Tl, butinstead giverise to a topologically
protected3DTI.

space™?**°, In photonics, effects requiring three or more dimensions,
such as Thouless pumpingin high dimensions, Weyl points, disorderin
high dimensions and other effects, were successfully demonstrated by
reinterpreting certain parameters of the system’s Hamiltonian as spa-
tial coordinates®?"3, Alternatively, the use of coupled modalladders
was shown to allow exploring the full dynamics in synthetic space®**.
Using this modal ladder technique, photonic TIs® " were demonstrated
in hybrid lattices with one spatial axis and one modal axis'®*¢. So far,
however, experimental realizations of 3D Tls at optical frequencies
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Fig.2|Weak TIwith photonic waveguide arrays. a, The anomalous quantum
Halleffectin awaveguide array as experimentally demonstrated in refs. 3%,
Each unit cell has two helical waveguides rotating with a phase difference of t/2
betweenthem.b,c, Gradually increasing refractiveindex contrastin each
column of three waveguides as a function of position along the column, as
indicated by the graded blue colours. d, Amplitude of the localized modes
induced by theindex gradientinb.e, Lattice constructed by replacing each
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remain elusive and, more generally, topologically protected edge states
propagatingin three dimensions have never been observed with elec-
tromagnetic waves.

Here we demonstrate a photonic Tlinthree dimensions that support
topologically protected edge states propagating in 3D trajectories, by
virtue of adislocation. Thisis also the first realization of aFloquet 3D TI.
Hence this work paves the way for both the study of high-dimensional
structures in photonics and the interplay of dislocations with topol-
ogyingeneral lattice systems. Toimplement the TI with a dislocation
in 3D, we use waveguide lattices with two spatial (x, y) and one modal
dimensions. In this configuration, the third spatial coordinate, z, plays
therole of time. The evolution of the light is governed by the paraxial
wave equation:
i0,p(x,y,2) =-1/(2ky V2 P(x,y,2) - (ko An(x,y, 2)P(x,y,2))/n, (1)
inwhich gisthefield, k,is the wave number in vacuum, n, is the ambi-
entrefractiveindexand Anisthelocal variationinrefractiveindex that
forms the waveguides in our system. To explain how our waveguide
structureimplements a TIwithadislocation in 3D, we will first describe
asingle 2D layer lacking dislocations. An individual 2D layer consists
of waveguides in asquare lattice with lattice constant a (Fig. 2a). Each
unit cell in this square lattice includes two waveguides, which rotate
around their mean transverse coordinates with a spatial frequency Q
alongthe propagationaxis z, but with arelative phase of /2. The lattice
therefore consists of two sublattices of helical waveguides with arela-
tive phase difference of 1t/2. Such a structure was shown to be a 2D
anomalous Floquet T,

To introduce the desired extra dimension, we replace each wave-
guide in Fig. 2a with a column of waveguides, differing only in their
respective effective index of refraction (Fig. 2b,c). This manifests a
Stark ladder of modes (Fig. 2d) that, in the following, will serve as
the synthetic dimension. The overall structure in real space is shown
in Fig. 2e. Crucially, although any column interacts with its neigh-
bouring columns, each mode of each column couples only toamode

waveguide fromawithathree-waveguide column fromb,c. Theblackellipses
represent thelocation of the centre of the columnsin the modulation
trajectory, highlighting that the trajectory is shifted by the dislocation.f,
Synthetic-space diagram of the lattice in e, highlighting its correspondence to
a3Dweak TI. The synthetic-space lattice contains layers of 2D Tls for each
mode. The marked dislocation converts the3Dweak TItoa3D Tlwitha
dislocation.
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Fig.3|3D TIwithadislocation. a, Formation of an edge state of the
three-mode synthetic-space lattice from Fig. 2e without the dislocation (using
the experimental parametersinaS5 x 10 lattice). Each mode hasaset of 2D edge
states of its own. Because the layers are uncoupled, each edge state belongs to
adifferentlayer, highlighting that the structureis aweak 3D TI. b, Edge states of
theweak 3D TIwith adislocation (the lattice of Fig. 2e), formed by the localized

with similar wave number k,because of phase matching. Thus, in the
entire lattice, each mode functions as a2D layer that is weakly coupled
to other modes (other 2D layers) owing to the modulation in z (the
modulationis slow compared with the lattice spacing inthe transverse
plane'®). Furthermore, the parameters Q and a are chosen such that
the 2D lattice of each mode s in the topological phase and is capable
of supporting a topological edge state. Consequently, our structure
constitutes a3D weak Tlin synthetic dimensions (Fig. 2f) that, before
we introduce the dislocation, maps to stacked layers of 2D Tls. To
introduce the dislocation, we introduce intermode coupling along
aline stretching from the edge to the middle of the lattice. For the
intermode coupling to be as efficient as the intramode coupling, we
shift the oscillation path and modulate the refractive index, such that
attheregionofinteractionthe appropriate waveguides will be phase
matched and in proximity (see Methods).

Unlike ordinary weak 3D TI, the edge states in our structure are topo-
logically protected in all three dimensions. The triad of topological
invariants associated with our structure is (0, 0, 1), in which the first
two invariants are associated with the spatial dimension and the last
with the mode dimension, signifying a non-trivial Rudner number®.
Because the Burgers vector (of the dislocation) points in the direction
of the mode ladder and its length is one hopping in the mode ladder,
the dislocationinduces the topological protection of the surface states
ofthe 3D Tl (see Methods). Accordingly, as shown in Fig. 3a, when our
waveguide array is devoid of dislocations, the resulting edge states
are degenerate and remain strictly confined to individual layers in
synthetic space. This can be viewed in Fig. 3c, in which the emerging
edge states form degenerate groups of states. In this case, there is no
topological protection fromlocalization and other disorder-induced
dispersion effects in the mode direction, and a gap can be formed by
inducing various perturbations®.

Introducing a dislocation into this structure changes the situation
profoundly. Figure 3b,d shows how the presence of the dislocation
affects the structure of the edge states and their respective eigenen-
ergies: the degeneracy is lifted and the resulting dispersive branch
diagonally bridges the gap between the bulk bands. Figure 3b also
illustrates the path that an edge-wave packet will take: starting at the
top layer and movingina clockwise orientation, aninitial excitation will
descend to the layer below it each time it encounters the dislocation.
Finally, after the lowest modal layer is reached, the wavepacket ascends
alongthedislocation axis back to the highest mode, thereby complet-
ing a genuine 3D loop. In this case, the edge states are topologically
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coupling between adjacent modes ataspecific position. Theedge statesare
extended over the entire 3D lattice. ¢,d, Floquet spatial frequency (k,) for the
weak Tlinaand for the weak TIwith adislocationinb, calculated with our
experimental parameters. Note thatinc, the edge states are degenerate (each
edgestateisinadifferentlayer), whereasind, thereis no degeneracy.

protected and thus will not be impaired by interlayer coupling, which
naturally exists in our system as a result of the modulation.

We experimentally realize this phenomenon by fabricating the
waveguide structure sketched in Fig. 2e using the femtosecond-laser
direct-writing technique. To trace the propagation of the light along
its protected 3D trajectory, welaunch a 633-nm-wavelength laser beam
by using a spatial light modulator*® on the edge of the structure and
observe the intensity distribution after 15 cm of propagation at the
output facet. We are aiming to show how the light is propagating in a
topologically protected fashioninall three dimensions—the two spatial
dimensions and the synthetic modal dimension. The propagation of
the edge statein the 2D layers is demonstrated with excitations along
three segments of the edge-states propagation marked with different
colours (Fig.4a-c).Figure 4a-csketches the 3D spatial-modal structure,
inwhicheach panel corresponds to a different mode. In this figure, we
plot the different excitations, in which afilled circle is an excited site,
the polygons indicate a segment of the propagation and the roman
numerals next to the filled circles indicate a specific excitation with
a corresponding output in Fig. 4d-1. Because the modes are tightly
localized, the positionin modal space canbe chosen by injecting light
into one of the three waveguides (coloured circles in Fig. 4d-1). Far
away from the dislocation, we indeed observe that the excitations
remain mostly in their initial modes as they propagate along the edge
and around a corner, as shown in the intensity pictures at the output
facet of the waveguide array (Fig. 4d-f). Because the modes are local-
ized, we can directly identify the mode from observing the output
intensity inthe corresponding figure. For example, in Fig. 4c, we excite
awavepacket onthe edge suchthatitis associated withthe third mode,
by exciting only the lowest waveguide in four columns along the upper
edge (excitation I in blue). Accordingly, in the corresponding output
(Fig. 4f), the light at the output couples weakly to other modes (that
is, it remains at the lower waveguide—mode 3 of each column) and
continues to propagate along the edge, bypassing the corner. The same
occurs formodesland2inexcitationslin pinkand orangeinFig.4a,d
and Fig. 4b,e, respectively.

Itisinstructive to view the propagation in modal space near the inter-
section of the dislocation and the edge (Fig. 4g-i), at which we excite
the light near the dislocation, to observe the evolution in the modal
dimension. Unlike the excitation presented in Fig. 4d-f, here the light
isinjected into a certain mode and descends to the mode below it on
passing the dislocation (Fig.4b,h and Fig. 4c,i). The exceptionis when
the beam is launched in the first mode and has no layer to descend
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Fig.4|Experimentally viewed evolution of edge-wave packetsin the 3D
synthetic-space Tl. a-c, Sketches showing the excitationin the synthetic
space formodes1-3, respectively. The filled circles are the excited modes, with
each excitationtagged by a different colour and number. The colour marks
different segments of the propagations and the numbers mark the
chronological order of the excitations. The red line marks the dislocation.

d-f, Intensity images at the output facet of the structure for the excitations
numberedlinthe three different coloured segments. The coloured circles
mark the areasintowhichlightisinjected at theinput. The light propagates
away fromthe excitationregion, passes the corner and continues along the

to—excitation Il in Fig. 4a,g. In this case, the dislocation behaves as a
barrier and the light will flow around it (along the dislocation) without
scattering, staying in the lowest mode. For example, when launching
awavepacket in mode 2 (light localized on the middle waveguide of
each column), near the dislocation, marked by the orange number
Ilin Fig. 4b,h, the light propagates towards the dislocation and then
descends to mode 1 (light localized on the upper waveguide of each
column) at the other side of it (Fig. 4a), continuing to propagate on
the 3D edge. On the other hand, when the light is launched at mode 1
inthe same location (excitation Il in pink in Fig. 4a,g), the light simply
bypasses the dislocation and stays in the same mode—at the upper
waveguide.

Finally, we launch alight beam along the dislocation. In this case,
instead of descending frommode 3to mode1 (asin Fig.4g-i), the light
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next (vertical) edge. At the output facet, thelightislocalized ineach columnin
one of the three waveguides, in which the uppermost waveguide of the column
represents modelandthe lowest waveguideis mode 3. Themodeis
determined accordingto the position of the lightin the column. g-i, Same as
d-fbut forexcitationsIlinthe three coloured segments. Here the excitations
lead to thelight descending within the modes on the edge near the dislocation.
j-1, Intensity images at the output facet for excitations|1ll, IVand V, respectively,
for the pink segment. These excitations show that the lightisascendingin the
modesalongthe dislocationand returning to the edge.

ascends frommodeltomode3.InFig.4a,j, thebeamislaunched from
mode 1 towards the dislocation (excitation IlI). The output in Fig. 4j
shows that thelightis occupyingmode 2 and localized near the disloca-
tion, asexpected. In Fig. 4k (excitation1V), the beamislaunched along
the dislocation in all modes. In this case, the light ascends to mode 3
andstartstoreturnto encircling the outer circumference of the lattice.
Figure 41 (excitation V) shows the rest of the motion, in which the light
beam returns from the dislocation and starts to encircle the lattice .
In conclusion, our observations unequivocally show that the topo-
logical edge state indeed follows a trajectory in all three dimensions.
We experimentally investigated the 3D dynamics of edge statesin a
photonic Tlin 3D and showed that the introduction of a screw disloca-
tion endows the system with topological protection. This is the first
observation of a photonic Tlin 3D with topologically protected edge



states and also the first photonic Tl in 3D synthetic space. We expect
that this work will open the door for exploring higher-dimensional
topological phases in laboratory experiments.
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Methods

Design
In this section, we explain the process of designing the 3D photonic
TI. This design relies on the concept of synthetic dimensions** on the
platform of waveguide arrays'®*,

Our lattice is periodic (except for the dislocation) with lattice dis-
placement vectors:

a=(a,,a,)/2, d;=a,(1,0), d,=a,(0,1) 1)

in which a, and a, are the lattice constants, d, and d, are the primitive
vectors and a is the displacement vector within the unit cell. Each
‘site’ in our lattice is a column of three waveguides, equally distant
from one another, separated by distance AS (Extended Data Fig. 1a).
Our lattice is periodically modulated in the propagation direction z
suchthat,ineach period, each columnexchanges energy withits four
neighbouring columnsin a clockwise (or counterclockwise) manner,
which—in turn—induces anomalous edge states®**3, The trajectory
of the waveguides in space is helical with an ‘hourglass’ projection on
the x-yplane. We control the effective coupling between each column
of waveguides and its neighbours by adjusting the ‘hourglass’ contour
in the x-y plane while maintaining the periodicity in the propagation
direction. The size of ASis dictated by a balance between the need to
have bothlocalized modes and confined trajectories to reduce losses.

To obtain the gradient in the refractive index in each column (indi-
cated by the size of the sites in Extended DataFig.1a; larger circlesrepre-
sent deeper waveguides), we use different writing speeds, which result
in differentindex contrast for each site (Extended Data Fig. 1b). This
translatesinto different coupling coefficients for different waveguides,
hence it is essential to make sure that each mode is in the topological
phase, despite the different index contrasts. We do that by tuning the
spatial oscillation frequency of the waveguides Q and the other param-
eters. We design the system with tight-binding simulations and follow
up with paraxial beam-propagation simulations of the entire structure
(the tight-binding simulations are presented Fig. 3a-d). Specifically,
alongtheline of the dislocation, the waveguides are shifted at the point
of closest proximity (Extended Data Fig.1c). Near this point, the indexis
varied gradually and adiabatically inboth columnsin the unit cell, such
that phase-matching conditions are satisfied (see size of the circlesin
the Extended Data Fig. 1c).

Fabricated structure

We use 15-cm-long samples of fused silica glass (Corning 7980) and
fabricate the structure using the femtosecond-laser writing method*.
We use 140-fs pulses created by a Ti:sapphire Coherent Vitara-S laser
and amplified by a Coherent RegA optical parametric amplifier. Each
pulse carries energy of 270 nj at 800 nm, at a100-kHz repetition rate.
Thefocus of the laser beam generated by a20x objective (0.35 numeri-
cal aperture) is translated in the glass sample using a high-precision
positioning stage (Aerotech ALS180/130).

Dimensions of the lattice and waveguides trajectory

The lattice dimensions are given by a, = 49.56 ym and a, =80 um and
the spatial frequency Qis1.163 cm™. The lattice is composed of 8 x 8
unit cells, each with six waveguides arranged intwo columns. The dis-
tance between neighbouring waveguidesin each columnis AS =22 um.
The helical ‘hourglass’ trajectory (green dashed line in Extended Data
Fig.1a,c) is constructed with the two vectors p,(Z) and p,(Z), in which
Z is a unitless z-coordinate that changes from 0 to 1. These functions
correspond tothelineand curve of the helical ‘hourglass’shape, respec-
tively:

P, () =%x,/2-sign(Z)- |7(08-037) 2)

Py, =%),/2 (3)
P, (2) =%x,(1/2- 0.4 - [cos(ni(sign(2) - 1Z1)/2)1) 4)
P, (3) = £3,/2(sign@) - (%57 + (1~ ) )

inwhichequations (2)-(5) present the components of the vectors p,and p,.

In our case, the parameters that dictate the dimensions of the
‘hourglass”are x, = 9.69 pmand y, =40 pm and the exponential terms
multiplying |z| control the transverse derivative V. Recalling that zis
equivalent to timein the corresponding Schrodinger equation, these
termsrepresent the velocity in the x-y plane. This velocity should both
induce proper coupling so that the structureisin the topological phase
and, atthe sametime, it should also be low enough to reduce radiation
losses (coupling to unbound waves outside the structure), such that the
edgesstates shouldstill be able to show considerable evolution during
their propagation in the finite structure.

Numerical analysis of intermodal coupling

Unlike 3D ‘strong TIs™**° weak Tls in systems that obey time-reversal
symmetry suffer from the possibility that their edge states willgap inthe
presence of interlayer coupling and disorder. Similarly, when our structure
is absent of the dislocation, interlayer coupling or disorder may disrupt
the transport of the edge states. However, on introducing the disloca-
tion to the system, robust edge states are formed and show topological
protection.

To demonstrate this phenomenon, we numerically analyse the effect
ofintermodal coupling between different modes of the three-waveguide
structure (eachindividual waveguide has asingle guided mode) inthe
structure used in our experiments on the photonic Tlin 3D.

We find that this intermodal coupling is reduced because of the
slightly different refractive index contrast defining different wave-
guides, which results in large phase mismatch between the modes.
Specifically, our structure, see Fig. 2b-d, shows that the refractive
index contrast defining the three waveguides is around (5,7, 9) x10™
on asubstrate of n=1.45, which is manifested in a ‘coherence length’
(propagation distance after which the phase mismatch is ) of about
1.5 mm. Essentially, had we used straight waveguides (instead of the
helical waveguides), the intermodal coupling would have been zero.
However, because our waveguides are helical, theintermodal coupling
isnotzero, infact, itis not negligible. Because the synthetic modes are
of the static lattice, the helicity of the waveguides (acting as modu-
lation along z) introduces coupling between them. Fortunately, the
topological design is meant to cope with such coupling and the edge
statesarerobust toit. Thus, although the coupling canintroduce some
intermodal transport of the light propagating in the 3D structure, the
unidirectional flow on the edge is unaffected. In fact, the topological
protectiononly truly works because of the dislocation, whichis neces-
sary for the topological protection of the edge states on the surface
of the 3D structure in synthetic space®***', Beyond the topological
analysis described in this Methods section, an exact mechanism in
which the protection is lost if the dislocation is absent from our sys-
temis addressed in Fig.1and in the following discussion. As shown in
Figs.1and 3, without dislocation and without intermodal coupling,
the topological surface states that encircle the bulk are composed
of 1D degenerate edge states that are attributed to each 2D layer.
Thus, although the spectrum of the topological surface states with
the dislocationis linearly ascending (Fig. 3d) with the state number,
the spectrum without the dislocation exhibits a collection of groups
of degenerate edge states (Fig. 3c). Extended Data Figure 2 shows the
spectrum and the typical edge-states occupancy on the lattice when
introducing interlayer coupling. In Extended Fig. 2a-d, we introduce



moderate interlayer coupling thatis 20% of the coupling between lat-
tice sites in both cases of lattices without dislocation (Extended Data
Fig. 2a,c) and with dislocation (Extended Data Fig. 2b,d). Extended
Data Figure 2e-h shows the spectrum and edge-states occupancy for
strong interlayer coupling of 60%. In the absence of dislocation, the
resulting topological surface states are completely trivial in the mode
dimension, hence the coupling introduces trivial dispersion between
the 1D edge states that impairs the surface states.

The consequence in the trivial case is having modes that are not
evenly distributed onthe entire surfacein the synthetic (modal) dimen-
sion, which obstruct the propagation on the entire surface. In fact,
the structure of the spectrum in the modal space is sensitive and can
be altered strongly and unexpectedly by having different interlayer
couplings, and is also prone to Anderson localization. These prop-
erties are detrimental when using topological edge states for appli-
cations such as Tl lasers>**>* and topologically protected quantum
states® % which require fixed phase relation, fully extended states
and smooth linear dispersion. Furthermore, the protection affects a
plethora of 3D-related relevant effects, such as that of non-linearities™
and localization in 3D (ref. *°). The situation is even more pronounced
when tailored (non-random) perturbations are introduced?; these
canopenthe (trivial) gap and cause localization along the edgesin the
spatial dimension, thereby breaking the protection of the edge states.

Thesituationis completely different when a dislocation attached to
theedgeis presentin the structure. In this case, thereis true topological
protectionand the topological surface states remain equally spacedin
the mode space even for stronginterlayer coupling andin the presence
of disorder. This happens because the degeneracy of different layers
isbroken by a dislocation that respects the phase differences required
to closealoop. Hence, itis the dislocation that makes the topological
surfacestatesideal, withasmooth linear spectrum thatis not prone to
localization along the modal dimensioninaddition to the topological
protectionin the spatial plane.

Analytic and topological analysis

In this section, we give an analytic description of our experimental
photonic Tlin three dimensions. We first describe the 2D photonic
Tl occurring separately for each mode of the column of waveguides.
Assumingno dislocation, each mode couples mostly to the same mode
in the columns of waveguides that are in its proximity. Thus, for each
mode, thereis a2D lattice of waveguides thatis abipartite lattice with
‘driving’ that is similar, but not the same, as described in refs. 3”80,
Adriving cycle canbedividedinto four parts,in whichineach parteach
column interacts by proximity with one of its four neighbouring col-
umnsinaclockwise order. Thus, the 2D Hamiltonian for eachmodeis:

4 0 cM(z)efik
HRK,2) ==Y, o
c()e™ 0

(6)

in which the vectors {b} are given by b, = (a, 0), b,=(0, a), b;=-b,,
b, =-b,, and aisthelattice constant. ¢/"(z) are the coupling coefficients
of mode m, which are assumed for simplicity to be non-zero only at a
specific z={0, Z/4, Z/2, 3Z/4} in each period, with Zbeing the period
length. Because the Hamiltonianis periodicinz, which plays therole of
time, we use the Floquet theoremto find the quasi-momentumvalues k,
thatare analogous to quasi-energy values inatime-dependent system.
The evolutioninzis given by

9@ =Pexpl-i [, HQACI(0) = UYO) 7)

in which ¢ is the wavefunction of the light beam and Pis a z-ordering
operator. The effective Hamiltonian H,¢is obtained by the zevolution
Uover a period given by equation (7). The corresponding effective

Hamiltonian describes a 2D Tl with chiral edge states characterized
by the winding number®”:

wlUl= #IdzdkxdkyTr(U‘lazu[U’la KU, U0, UD) (8)

We judicially design the parameters ¢;"(z) (see Methods) such that
the winding number is 1 for each mode. Furthermore, the edge states
predicted by equation (8) appear only in the case that the infinite
system described by equation (6) is truncated such that it becomes
finite. Next, we construct our 3D Hamiltonian by taking into account
the several modes m that exist in our system and describe it in terms
of equation (6) as follows:

HP=) HP+C 9)

in which Cis the matrix that represents the intermodal coupling
that arises from the helical motion of the columns of waveguides,
and it depends on the x-y lattice site, mode and z. In the ideal case,
when the modes are well separated in k,and the motion is adiabatic,
C can be neglected. H°® manifests stacking of 2D photonic Tls. The
entire system is gapped if Cis small enough and does not close the
bandgap. In this case, the edge states experience trivial dispersion
onthesurfaces of the 3D space constructed from two spatial dimen-
sions, the location of the column in xy and the mode dimension m.
This structure can be described by a triad of topological indices for
the three directions:

ny=W>"(k,), n,=W*(ky), ny=W>(km) (10

inwhichin our case only n;is non-trivial and n, = n, = 0. As mentioned
in the previous part of the Methods, the surface state of the struc-
ture experiences trivial dispersion that can form a gap and deform
(along the mode axis) because of the intermodal coupling C. To make
the surface state topologically protected and extended to cover
the entire surface of the 3D structure, we introduce a dislocation in
the middle of the structure such that the dislocation is connected to the
surface state”?*°%!, Taking B to be the Burgers vector of the dislocation,
the 3D Tl with indices n = (n,, n,, n;) has n-B topologically protected
modes along the dislocation. These protected modes are the same as
those onthe surface, as the dislocation is connected to the surface. In
our system, the Burgers vector of the dislocationis givenbyB = (0, 0, 1),
because itis stretched along one site in the mode dimension. Thus,
our system has n-B =1topological surface state (one dispersion line
crossing the bandgap).

Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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Extended DataFig.1|Unit cell of the 3D photonicTI.a, The dashed greenline

distance [um]

waveguide). b, Coupling between adjacent waveguides as a function of their x
separation, obtained by different speeds of the laser-writing process, which
translatesinto different refractive index contrast. ¢, Sameasabut at the

dislocation, at which the shift creates coupling between localized modes of
different 2D layers.

isthe projection of the trajectory of the two columns of waveguides (blue and
red) onthex-yplane. The directions of the helical motion follow the green
arrowheads. The two columns are presented here at their closest proximity to
oneanotheralongthetrajectory. The size of each waveguideindicatesthe
different ‘depth’ of refractive index (the largest circle is the deepest
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