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Dirac-vortex topological photonic crystal fibre

Hao Lin'# and Ling Lu®'’

Abstract

bandwidth as large as one octave.

The success of photonic crystal fibres relies largely on the endless variety of two-dimensional photonic crystals in the
cross-section. Here, we propose a topological bandgap fibre whose bandgaps along in-plane directions are opened by
generalised Kekulé modulation of a Dirac lattice with a vortex phase. Then, the existence of mid-gap defect modes is
guaranteed to guide light at the core of this Dirac-vortex fibre, where the number of guiding modes equals the
winding number of the spatial vortex. The single-vortex design provides a single-polarisation single-mode for a

Introduction

Topological photonics'~, initiated with the idea of
robust waveguiding, is inspiring novel fibre concepts, such
as a one-way fibre inside a magnetic three-dimensional
photonic crystal* and a Bragg fibre with nontrivial edge
modes®. In this article, we introduce the topological
photonic crystal fibre (PCF) whose invariant cross-section
resembles the recent Dirac-vortex topological cavity® in
two-dimensional photonic crystals. Such a topological
bound state can be traced back to the Jackiw-Rossi zero
mode in the two-dimensional (2D) Dirac equation’ and
has been realised in honeycomb lattices®® in a couple of
systems'?~'%, This Dirac-vortex silica fibre can support an
arbitrary number of nearly degenerate guiding modes by
varying the winding number (w) of the spatial vortex.
When w = +1, the fibre can support a single-polarisation
single-mode (SPSM) with a large bandwidth.

The SPSM fibre supports truly one mode, while tradi-
tional single-mode fibres and polarisation-maintaining
fibres both support two polarisations, either degenerate or
nondegenerate, respectively. Such fibre birefringence
(dual polarisation) broadens the optical pulses being
transmitted, known as polarisation-mode dispersion. To
solve this limitation, SPSM fibres have been designed to
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separate the degenerate cutoff frequencies by lowering the
symmetry of the fibre cross-section, which can be
achieved by structural asymmetry or nonuniform stress.
This dominant asymmetric approach is applied mostly to
the lowest-frequency index-guided fundamental modes
(polarisation-degenerate)**™'° but also works for the
nonfundamental degenerate modes inside a bandgap®*~>,

The SPSM bandwidth is very limited due to the amount
of asymmetry that can be applied; the best experimental
value is ~30% (frequency span over central frequency),
which is achieved in a stressed PCF'® (In integrated
waveguides, an SPSM bandwidth over one octave
[66.67%] has been demonstrated®®). For example, in Fig.
la, the SPSM bandwidth is bounded from above by the
cutoff frequency of the other polarisation (blue) and
bounded from below by the confinement loss, even if this
guiding mode (red line) has no cutoff frequency. However,
there exists a symmetric approach to an SPSM by oper-
ating at a singly degenerate mode inside a bandgap so that
the fibre cross-section can remain highly symmetric.
Shown in Fig. 1b, this symmetric approach has thus far
only been proposed theoretically in a hollow-core Bragg
fibre**, in which many other guided modes (blue line)
can be made much lossier than the TE;; mode (red line).
The SPSM bandwidth of this design is even more limited.

The Dirac-vortex fibre is an ideal design for an ultra-
broadband SPSM by ensuring singlet mid-gap dispersion
inside the bandgap (the symmetric approach), as illu-
strated in Fig. 1c. Without the topological mechanism of
the Dirac-vortex, it is generally difficult to stabilise a
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Fig. 1 Asymmetric and symmetric approaches to an SPSM. a Dominant approach to split the degenerate fundamental modes by structural
asymmetry. b Proposed Bragg fibre design to guide light by a singly degenerate mode with lower loss than other modes. ¢ The topological PCF
provides singlet mid-gap dispersion for a broadband SPSM

defect mode at the middle of the bandgap for every wave
vector.

In the rest of the article, we first show how to gap the
nodal-line without leaving residual Weyl points. Such a
supercell Kekulé modulation®® is generalised to continuous
27 phase angles that are used to construct a vortex gap
around the fibre core that can confine any number of fibre
modes. To ease the fabrication, a simplified design of only
four capillary silica tubes is introduced. Finally, we enlarge
the vortex size to eliminate the index-guided modes and
achieve an octave-spanning SPSM.

Results
Nodal lines and Weyl points in a PCF

We start with the most common PCF structure®>”’, a
silica photonic crystal with a triangular lattice of air holes,
shown in Fig. 2a. There are two nodal lines of 2D Dirac
points***? at the +K points in the Brillouin zone. The
Dirac points are frequency isolated in the in-plane 2D
band structure for k,a/2m > 1.6. Each nodal-line gaps into
Weyl points® if we break the inversion symmetry by
adding an extra small air hole in the primitive cell, as
shown in Fig. 2b. Since this PCF structure has mirror
symmetry along z, the Weyl surface state does not have
handedness propagating along the z axis, unlike that
observed in coupled spiral waveguide arrays®** con-
taining similar type-II Weyl points. To gap the entire
nodal-line, without leaving Weyl degeneracies, we apply
supercell modulations.

Generalised Kekulé modulation

As shown in Fig. 3a—d, we perturb the nodal-line lattice
with the generalised Kekulé pattern discussed in ref. °.
The idea is to couple the two nodal lines (of Dirac points)
together in an enlarged supercell and annihilate them into
a bandgap through supercell modulation. Since each
supercell has three primitive cells, we label each primitive

cell [Fig. 2a inset] as an artificial “atom” consisting of
three struts [Fig. 3a]. In practice, we shift the three
“atoms” in the supercell with identical amplitude and
constant phase difference (120°) between each two
“atoms”. To move each “atom”, we can shift its centre of
mass 8(¢), in any direction ¢, by adjusting the thickness of
the three struts (¢, £, t3) without changing the total mass
of the “atom” (x3t). Therefore, the strut thickness for any
modulation vector 8(¢p) can be determined by the fol-
lowing equation:

3 3
SR, = 8(¢) 3.t = 8(¢)3t (1)
where R; (|R;| = /3/6a) is the position vector of the
centre of mass of each strut. Examples of the lattices
before and after the Kekulé modulations are drawn in
Fig. 3b1-d1, and their corresponding band structures are
plotted in (b2-d2).

After the generalised modulation (|8(¢)| # 0), the entire
nodal lines gap out for arbitrary ¢ € (0,2m), and the
bandgaps share a common frequency range, which is
eventually determined by the band edges of the two most
symmetric supercells of ¢ =60° and 120°. The lattices of
the rest of the modulation phases can be understood as
interpolations between the two. Note that the modulation
phase ¢ of each supercell is labelled by the shift angle of
“atom” Al in Fig. 3cl.

Continuous modulation

As shown in Fig. 3e, we arrange the series of Kekulé-
modulated 2D lattices angularly around a chosen core point
in the fibre cross-section as a function of their modulation
phase ¢. As a result, a single defect mode appears in the
middle of the bandgap and is spatially localised at the fibre
core, as shown in Fig. 3f. This result is expected from the
Dirac-vortex cavity result® because a PCF can be regarded



Lin and Lu Light: Science & Applications (2020)9:202

'd ~\
a Nodal lines
25 T
e
7
a 7
'
7
/
2 ¢ i > - g
.l
- S <> 7
& 0.16a ™™
S 15¢ P .
S 7
2 >
L Z Di int
qg; 1 ) _ _ 1.5 irac poin
L - - 9 185 ><
f—— g
L I ,
0.5 & 3175 X
2
® 1.65
r M K T
0 1 L
0 1 2 3
Wave vector (k,a/2n)
b Weyl points
25 y.p T T
a
2 F i : ]
- ~ o
2 AN
N 0.16a
S 15¢ o
E )
>
2 Weyl point
S eyl poin
s 1f 1
8 1.95 =
w
21.85
d \—/
05F & 2175
i
R ||
1.65
r Mm K T
0 1 1
0 1 2 3
Wave vector (k,a/2n)
Fig. 2 Band diagram of silica (€ = 2.1) photonic crystal lattices
uniform in the out-of-plane direction (2). a Projected band diagram
of the triangular photonic crystal, in which the nodal-line degeneracy
is highlighted. b An extra air hole in the primitive-cell breaks the
inversion symmetry, and the nodal-line is lifted into Weyl points.
Insets: cross-section structures and in-plane band structures at
k.a/2m = 2.02. Two different primitive-cell choices are drawn in a

as a 2D cavity for every propagation constant (k;). Since the
fibre is C3, symmetric, one-sixth of the structure is suffi-
cient to study this topological mode.

The large momentum (k,a/2m > 5), or short-wavelength,
behaviour of the fibre band diagram in Fig. 3f is worth
discussion. First, the common bandgap frequency is lower
than that of the nodal-line (central dashed line in the
figure) at short wavelengths because the short-wavelength
modes can localise preferentially at struts that are thicker
than ty (rather than at those that are thinner) in the
modulated lattice, resulting in lowering of the overall
band frequencies. Second, the topological mode is very
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sensitive to the central three struts, where the modal
intensity peaks. In this case, the three central red struts
are the thickest, and consequently, the fibre mode cuts off,
in the short-wavelength region, at a frequency lower than
the bandgap. Third, although we “continuously” vary the
modulation angle ¢ in the surrounding lattice, the dis-
cretization is still limited to a single strut in our design. A
consequence of the strut-discrete vortex is that a set of
extra modes is trapped very close to the spectral edges of
the bandgap. We call them local-defect modes, shaded in
grey colour in the figure. These modes tend to arise at
short wavelengths and are more prominent for large
modulation amplitudes (large bandgaps), as shown in the
example in Fig. 3f. Since these local-defect modes are
located near the bulk band edges with an extended mode
profile, their confinement losses are at least one order of
magnitude higher than that of the guided topological
mode with w=+1.

Arbitrary degenerate modes

One main topological feature of the Dirac-vortex fibre is
the ease of creating multiple near-degenerate modes by
simply increasing the winding number (w) of the vortex®.
We demonstrate this in Fig. 4 for w = +1, +2, 43, where
w is the topological invariant of the system and can be an
arbitrary integer. The sign of w determines where the field
peaks around one of the two sublattices of a honeycomb
lattice. The two sublattices can be viewed as the two
joints, each having three struts, in the primitive cell of
Fig. 2a. An example of w= —1 is presented in Supple-
mentary Part L.

In these multimode examples, we decrease the modula-
tion amplitude (as well as the bandgap size) to eliminate the
local-defect modes in the momentum range plotted.
Additionally, we keep the core centre at the Cs, centre of
the w = +1 vortex. If we choose a w-dependent centre, then
any vortex can be C;, symmetric, so some pairs of fibre
dispersions will be rigorously degenerate due to the doublet
representation of the point group.

In principle, a continuous, single-mode or multimode,
Dirac-vortex PCF can be fabricated either from three-
dimensional (3D)-printed preforms or by the stack-and-draw
method with over a hundred tubes with different tube
thicknesses. Neither of the two solutions are convenient.
Therefore, we present the discrete version of the fibre design.

Discrete modulation with four tubes

We discretize the continuous vortex design [Fig. 3e]
into six discrete modulation phase angles (¢). Owing to
the C;, symmetry of the cross-section, only two phases of
the six have distinct structures. The three phases that
differ by 120° are actually identical in the unit-cell struc-
ture (but with different origins and orientations). As a
result, we only need four tubes to stack-and-draw the
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Fig. 3 Dirac-vortex fibre obtained by continuous Kekulé modulations. a Example of how an “atom” can be shifted in any direction (arg[é] = ¢)
with finite amplitude (|8]) by changing the widths of the three struts. (b1), (c1), (d1) Supercell examples of three coordinated atoms (A1, A2, and A3)
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diagram of the fibre plotted in reference to the frequency of the original nodal-line (central dashed line). The inset shows the intensity patterns
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Dirac-vortex PCF, which is very reasonable for fabrica-
tion. Another discrete version is presented in Supple-
mentary Part II using four strut thicknesses.

As shown in Fig. 5a, the four silica capillary tubes have
the same outer diameter d, ., to maintain the lattice but
different inner diameters d; for modulation. The four
exact ratios of d;/d,ur can be determined from Eq. 2,
satisfying the thickness and area proportionality.

douter - (d1.4 + d23)/2 _ douter—da 3
tha T s
2 o (2)
”(3douter d1,4 2d2,3) _ 3VBty(a—ty/2)
4d? - a?

outer

The resulting discrete Dirac-vortex fibre and its band
structure are plotted in Fig. 5b, c. Compared to the con-
tinuous version in Fig. 3e, f, the structural nonuniformity

now only exists at the six identical interfaces (also
determined by Eq. 2) between the two distinct lattices™?,
at which the extra defect modes can locate. In addition to
these line-defect modes inside the bandgap, there are also
higher-order vortex modes plotted in green and blue lines,
according to their Cs, point group representations. The
mode profiles of the higher-order modes are much larger
than that of the topological mode.

We have been focusing on the modes inside the
bandgap. However, as shown in Fig. 5d [also in Fig. 3e, f],
there could also be index-guided modes in the Dirac-
vortex fibre whose frequency is the lowest for a common
wave vector. Index-guided modes exist wherever there is
a sharp local maximum of the strut thickness, equivalent
to a local rise of the effective refractive index. The loss of
the index-guided modes is usually much lower than that
of the in-gap modes.
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Nonzero vortex size with continuous modulation

To operate at the topological mid-gap dispersion, we have
to remove the index-guided modes in the design. We do this
by enlarging the vortex size and smoothing the sharp lattice
(strut) interfaces at the fibre core. The smooth modulation
envelope function is A#(r) = tanh(r/R), where r is the radial
distance and R is the vortex radius of choice, similar to the
2D cavity design in ref. ©. Note that in the previous examples
of this paper, the vortex size is R=0.

The fibre cross-section with vortex size R = 3a is shown
in Fig. 6a, and the corresponding band structure is shown
in Fig. 6b, c. There are no index-guided modes at the
bottom of the bands. For completeness, we also plot the
blue mid-gap dispersion inside the second topological
bandgap, originating from a higher frequency Dirac point
(nodal-line) illustrated in Supplementary Part III. We did
not discuss it in the previous examples because it has a
much higher loss than the red mid-gap modes in the first
topological gap, as shown in Fig. 6d.

Octave SPSM

The continuously modulated Dirac-vortex PCF with a
finite vortex diameter (2R = 64) has an SPSM. We evaluate
its potential performance in terms of the confinement loss,
dispersion parameter, effective area and bending loss in Fig.
6d—£f. We choose the wave vector (ka/2m) range from 1.8 to

5.7 and the period 4 =3 um so that the corresponding
wavelength ranges from 1700 nm to 700 nm—the low-loss
window of silica.

The modes with the lowest confinement losses are plotted
in Fig. 6d, computed with absorbing boundary conditions.
The loss of the topological mode (red) is always the lowest
for the whole wavelength range over one octave. Most of its
confinement loss is less than 1dB/km with sixteen layers of
air holes along the fibre radius [Fig. 6a].

The dispersion parameter D of the topological mode can
take large negative values of —1500 ps/nm/km, and the
zero-dispersion wavelength is ~1.3 pm. The effective area
(Aeg defined in ref. **) is 23 um? at a 0.7 um wavelength and
increases to 243 yum” at a 1.7 um wavelength. The bending
loss is calculated using a conformal transformation analy-
sis with an equivalent refractive index profile
Meg(%,9) = n(x,y) exp(x/X)*® for bending radius X. The
results in Fig. 6f show that the fibre can be bent to a radius
as small as 15 mm without experiencing significant losses.
These specifications of the Dirac-vortex PCF are similar to
those of previous PCFs*>”*%, with the key difference being
that the topological mode is a single-polarisation mode.

Discussion
We numerically investigate the Dirac-vortex topological
PCF in terms of its principle, construction, and potential
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performance. This fibre could be made with the standard
stack-and-draw process with silica glass tubes or 3D-printed
preforms. The design is tolerant of structural details such as
the interface curvatures, not considered in the main text but
discussed in Supplementary Part IV. It is also possible to
move the topological dispersion above the light line, as dis-
cussed in Supplementary Part V.

Similar to the case of a three-dimensional one-way fibre®,
where the topological invariant is a four-dimensional second
Chern number, the topological invariant of the Dirac-vortex
PCF can be written as a three-dimensional integral (equation

4.2 in ref. * under chiral symmetry) where the coordinates are
ks k, and the polar angle (a form of synthetic dimension™).

The advantage of the Dirac-vortex PCF over previous
fibres is the ability to guide any number of near-degenerate
modes at will. The single-mode design provides an SPSM
fibre with an octave bandwidth. The effective mode area is
easily tuneable by changing the vortex size (R). This work
suggests PCFs as a new platform for topological photonics.

We are aware of a relevant work after paper submission®".
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I. THE SIGN OF WINDING NUMBER
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FIG. S1. Comparison of the field distributions for opposite winding numbers of the Dirac-vortex
PCF. The intensity patterns localize on different strut joints, which are the two sub-lattices in a

honeycomb lattice.



II. DISCRETE MODULATION USING FOUR STRUT THICKNESSES

(@)  Discrete Dirac-vortex fiber (w=+1, four strut thicknesses) (b) Fiber dispersion (relative frequency)
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FIG. S2. Discrete Dirac-vortex fiber constructed by four strut thicknesses, instead of four tubes
in Fig. 5 in the main-text. The cleaner band diagram is due to the lack of extra strut thicknesses

from the tube construction of the stack-and-draw technique.



III. HIGH-FREQUENCY DIRAC POINT
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FIG. S3. Band structure of the honeycomb primitive cell at k.a/2m = 3. The two frequency-isolated

Dirac points correspond to the two topological dispersions in Fig. 6(b) in main text.



IV. DESIGN TOLERANCE

Unlike the other topological waveguides, the Dirac-vortex fiber does not support one-way
propagation nor sharp corner turning. The stability of the Dirac-vortex PCF lies in the
design itself. First of all, this is essentially a coreless fiber [1] where the defect is not created
by adding nor removing materials locally. The topological defect of the vortex is formed
by gently perturbing the whole lattice globally, so that small local fabrication imperfection
cannot unwind the vortex nor the vortex mode. Secondly, it is well known that the fiber
drawing process will smoothen all the sharp edges, which we have not considered for the
120° corners between the neighboring two struts in the design. If we allow the rounded
corners in the modeling [2, 3], the thickness difference between the struts decreases, so
does the modulation amplitude responsible for the gap opening. Consequently, although
the topological gap shrinks as the curvature radius increases, it remains open for typical
curvature values, as show in Fig. S4(a). Structure in Fig. S4(b) is a discrete vortex fiber (from
four-tube construction) with curvature radius " = 0.3a, obtained by adding extra material to
the design in Fig. 5(b) in the main-text. The corresponding dispersion and loss performance

are shown in Fig. S4(c) and Fig. S4(d).
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FIG. S4. Design tolerance of structural curvature (') common in fiber drawing process. (a) Size
of common Dirac-vortex bandgap, for all ¢ at k,a/27 = 2, as a function of the curvature radius
of corners. Inset: supercell with v = 0.3a and tg = 0.16a. (b) Fiber structure with 7/ = 0.3a
by adding corner material to the discrete fiber in Fig. 5(b) in the main-text. (c) Band diagram
with a frequency reference to the original nodal-line. The dispersion is similar to that in Fig. 5(c).

Inset shows the mode profile (2 - Re[E* x H]). (d) Confinement loss of the topological mode. The

(c) Fiber dispersion (relative frequency)

0.015 L} w=ck, °
2
N
2 (1.51)0 (8.79)
35 (wDiraC) N (wDirac)
)

-0.015

1.5 2 2.5 3 35 4 4.5 5
Wave vector (k,a/2m)

(d) 105 Fiber loss (a=3um)

—e—12 layers
——14 layers
——16 layers

Confinement Loss
(dB/km)

107"k

1073 ‘ ‘ ‘ ‘
0.9 1.1 1.3 1.5 1.7 1.9

Wavelength (um)

wavelength range corresponds to the wave vector in (c) for k.a/27 from 1.6 to 4.2.



V. OPERATION ABOVE LIGHT LINE

One key feature of PCFs is the ability to support bandgaps above the light line for hollow-
core modes. The topological PCF can operate above the light line as well. In Fig. S5, we pick
a particular set of geometric parameters (tg = 0.12a, At = 0.01a) to push the topological
bandgap, and the topological guiding mode, into the light cone. We also calculate the modal
concentration factor in air for the topological mode. The maximum air fraction is about 75%
for this design, where the effective modal index n.g < 1. In order to have more bandwidth
above the light line, we need to improve the frequency isolation of the nodal line degeneracy
for low frequencies, so the project bulk bands can remain gapped. This should be possible

by increasing the refractive index of glass or explore a different lattice structure.
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FIG. S5. Topological fiber mode above light line. (a) Band diagram of a discrete Dirac-vortex fiber
with 9 = 0.12a and At = 0.01la (the discrete version of four tubes). (b) Dispersion of absolute
frequency near the light line (¢) Concentration of the intensity of the mode in air. Insets: mode

intensity at k,a/2m = 1.74 and 2.5.
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