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We employ the Su—-Schrieffer—Heeger model in elastic poly-
mer waveguide arrays to design and realize traveling topo-
logically protected modes. The observed delocalization of the
optical field for superluminal defect velocities agrees well
with theoretical descriptions. We apply mechanical strain
to modulate the lattices’ coupling coefficient. This work
demonstrates a novel, to the best of our knowledge, plat-
form for rapid prototyping of topological photonic devices
and establishes strain-tuning as a viable design parameter
for topological waveguide arrays. © 2022 Optica Publishing
Group

https://doi.org/10.1364/0OL.469657

Introduction. Elastomeric polymer waveguides present an
exciting platform for hybrid photonics. They owe their appeal
to a rapid and simple fabrication cycle, mechanical flexibil-
ity, as well as the option for direct integration of molecules,
nano- and microstructures into the polymer matrix, prompting
the development of new schemes for tunable light-matter inter-
action [1-4]. These advantages, however, are mitigated by a
relatively small refractive index contrast (< 0.1), which places a
lower bound of a few micrometers on the waveguide dimensions
required for single-mode guiding at visible optical frequencies.
It further requires structural elements with millimeter-scale cur-
vatures to avoid bending losses in the guiding structure. Such
dimensions can be useful in mesoscopic applications and for
practical purposes including optical platform characterization.
However, larger dimensions also increase exposure to the envi-
ronment which can cause higher vulnerability to e.g., fabrication
imperfections that raise the noise of acquired data.

Recently, topology has emerged as a promising approach for
designing disorder-robust photonic circuits, attracting a variety
of experimental demonstrations [5]. In planar waveguide arrays,
light can be robustly localized in midgap topological zero modes
[6-9]. A zero mode is a singular localized mode in a photonic
system such as a waveguide array that sits in the center of its
photonic bandgap. Usually, zero modes have a fixed position,
being bound to domain walls formed by structural aperiodicities
in the waveguide array, as shown in Fig. 1(a), or the ends of the
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waveguide array. Adiabatic topological pumping makes use of
topological analytical models to engineer the diffraction of light
fields and suppress their delocalization. It has therefore attracted
interest as a means of robustly manipulating and transporting
zero modes [10-14]. In many applications, it is desirable to
manipulate the topological modes within a finite time or length
scale, which has motivated studies of faster protocols based on
suppression of non-adiabatic effects [15-17].

Boosted zero modes that travel laterally at finite speeds have
been predicted to preserve their robustness, provided they do
not exceed a critical velocity i.e., that the domain wall posi-
tion changes sufficiently slowly [15,16]. The theory underlying
boosted zero modes is based on exploiting the Lorentz invariance
of the continuum (long wavelength) description of topological
zero modes emerging in condensed matter systems. The contin-
uum description assumes a wide horizontal spread of the light
field across an array. By applying a Lorentz boost, traveling zero
mode solutions, their velocity-dependent spin and localization,
and their robustness to static defects can be studied analytically.
Note that here the spin is not an actual photon spin or polar-
ization, but rather refers to the distribution of the light beam
between the two sublattices comprising the waveguide array
[5]. To the best of our knowledge, the velocity-dependent local-
ization and spin of traveling zero mode solutions has not yet
been experimentally observed.

Here, we observe signatures of this behavior. We use pho-
tonic polymer waveguide arrays to experimentally implement
boosted topological zero modes. We consider the prototypi-
cal Su-Schrieefer—Heeger (SSH) model formed by waveguide
arrays with dimerized couplings [6-9], creating a topological
zero mode by inducing a domain wall in the coupling dimer-
ization. We apply a modulation of the couplings along the
longitudinal propagation direction to transport a topological
zero mode at finite velocities. The transverse translation of the
optical field and its delocalization when the zero mode exceeds
a critical velocity (transverse modulation of the coupling) are
accurately predicted based on a discrete tight binding model
(SSH) describing the coupling between neighboring waveg-
uides and a continuum Jackiw—Rebbi model obtained via a
long waveguide expansion [18-20]. We take advantage of the
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Fig. 1. (a) Tight binding model (SSH) with modulated nearest-neighbor (NN) couplings, where the white dot indicates the domain wall at
the initial injection site. (b) Microscopy image of the cross section and dimensions of the fabricated polymer rib waveguides. The waveguide
separation varies between 2 and 5.8 um. (c) 2D schematic of waveguide arrays with various defect speeds S and propagation dynamics

simulated using the tight binding model Eqgs. (1) and (2).

polymer’s flexibility to apply horizontal strain of up to 10%
perpendicular to the direction of propagation and observe a
change of the optical field distribution as the effective coupling
coefficient decreases. Our experimental results add strain as
a potential control parameter for creating tunable topological
photonic systems.

Model. We consider the dimerized optical waveguide lattice
shown in Fig. 1(a). Each dimer consists of two waveguides which
are referred to as the two sublattices. This photonic system is
experimentally consistent with predictions according to the SSH
tight-binding model [2,6]. When the waveguides are weakly
coupled, the evolution of the waveguide optical field ampli-
tudes ¥, (z) = [a,(2), b.(z)] through the array, with z being the
propagation distance, is governed by the tight binding equations:

iazan = [K - E11—1(2)/2]1711—1 + [K + E,,(Z)/Z]bn, (1)

iazbn = [K - En+1(z)/2]an+l + [K + e,,(z)/Z]a,,, (2)

where a and b denote the optical field amplitudes on the two
sublattices, n indexes the unit cells, and k and € are the aver-
age coupling and dimerization strengths, respectively, which
are controlled by varying the separation between neighbor-
ing waveguides. We normalize the longitudinal and transverse
coordinates by the average coupling coefficient and waveguide
spacing, respectively, setting k = 1 in the following.

We consider the case where the average coupling is kept
constant, while an aperiodicity in the dimerization €,(z) =
€, tanh(n — ny — Bz) forms a domain wall or defect traveling at
a constant defect speed S. Here, €, is the dimerization strength
far from the domain wall, while n, refers to the initial waveguide
number of the defect at z = 0. The simulated dynamics of a light
beam injected at the domain wall as a function of 3 are presented
in Fig. 1(c). The beam remains localized to the defect only if it
travels sufficiently slowly.

The sensitivity of the propagation dynamics to the defect
speed can be understood by considering the continuum limit
n — x of the tight binding equations, which is known as the
Jackiw—Rebbi model [18-20]:

[0.0, + i0d. + 0y€, tanh(x — xy — B2)|W(x,2) =0, (3)

where X, is the defect position, o, are Pauli matrices, and o5
is the identity matrix. When g8 =0, Eq. (3) supports modes
U(x,z) = ¢(x)eE with zero energy (E = 0) localized to the

defect and residing on a single sublattice,
¢(x) = [cosh(x — xo)™*, 0]. (4)

This zero mode is robust and exists as long as €(x) changes sign
across the domain wall.

The more general case of a moving domain wall can be
analyzed by applying a Lorentz boost [15]. Introducing y =

1/y1 =2, X =vy(x - B2), 2 =y(z - Bx), and ' = Sy, where
S = exp[—arctanh(8)o, /2], Eq. (3) becomes
[a-zax’ + ia—}caz' + €& tanh(x'/y - XO)]l/’, = 0’ (5)

which takes the same form as Eq. (3), but with the domain
wall stretched by a factor of y and the sublattice spin rotated
by S. Thus, as long as the defect speed does not exceed the
effective speed of light (subluminal 8<1), the zero mode per-
sists, but its degree of localization and sublattice spin (o) =
/ ¢*(x)o.¢(x) dx = /1 — 2 are both reduced. However, super-
luminal defects do not support bound states because one cannot
Lorentz boost to a frame in which the domain wall is static.
Therefore, the input beam, as shown in the rightmost lower
panel in Fig. 1(c), does not follow the defect, but delocalizes.
Further analysis of the continuum Jackiw—Rebbi model can be
found in Ref. [15].

Device design and fabrication. To experimentally study the
dynamics of the boosted zero modes, we use an array of rib
waveguides with spacings between 5.8 um and 2 um. Figure 1(b)
shows a cross section and schematic of the waveguides. The
waveguides have a width of 2 um and arib height of 1.18 pm. The
guiding layer’s slab height is set to 2 um, which is engineered to
maintain single-mode guiding while ensuring appreciable mode
coupling between adjacent waveguides. The array spans a lon-
gitudinal propagation length of ~2 cm. The initial mold for the
polymer was written via direct photolithography. A heat curing
polymer (GelestOES0, Mitsubishi Chemicals, refractive index =
1.51) was spin-coated to a thickness of 2 um onto this substrate
and cured for 4 hrs at 55°C. A second polymer layer (Sylgard
184, Dow, refractive index = 1.42) was applied on top and cured
for 1 hr at 70°C. The structure was immersed in dimethyl sulfox-
ide (DMSO) overnight for liftoff. In contrast to semiconductor
platforms such as silicon nitride with a turnaround time of up to
several months, the entire fabrication cycle here does not exceed
several days.

We employed full-wave simulations (Lumerical) to obtain the
dependence of the waveguides’ coupling coefficients as a func-
tion of their separation. For evanescent coupling, the coupling
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Fig. 2. Average output intensity profiles for various defect speeds
B. The defect in the array shifts toward the left with increasing .
Delocalization is apparent for 5>1. The inset for 8 = 2 shows the
output at the defect location after propagation. For 0 < 8 < 1.5 and
S =2 the traces show the average of four and two different array
sets, respectively.

strength depends on their center-to-center separation d according
to
C(d) = Cyexp(—ad), (6)

where Cy ~ 1.6 mm™' and @ ~ 0.3 ym™'. The minimum center-
to-center separation of 4 um allows for coupling strengths of up
to ~ 0.45 mm™'; for our designs, we set k = €, = 0.3 mm™' and
fabricate arrays of 21 waveguides with different defect speeds
B; for these parameters, S = 1 corresponds to a defect “speed”
of 1.8 um / mm in physical units.

Delocalization of boosted defect modes. To characterize the
experimental signature of varying defect speeds, we edge-couple
a TM-polarized 633-nm light source to the defect waveguide at
z = 0 and measure the output profile, i.e., the lateral intensity
distribution after propagation of the input beam through the
structure, using a microscope objective and CCD camera. As
visible in Fig. 2, the light field is strongly localized to the sta-
tionary defect, undergoes a horizontal translation following the
defect for 0<B<1, and delocalizes for g>1.

To quantitatively characterize the output intensity distribu-
tions, we apply Gaussian fits to the output peaks to obtain
intensities at the individual waveguides, |a,|* and |b,|?, which
we normalize such that Y, (|a,|* + |b,|*) = 1. We then charac-
terize the distributions using three measures: (1) the inverse
participation ratio (IPR),

IPR = I/Z(|a,,|4 +|balY), ()

which measures the number of waveguides with appreciable
intensity, where a larger value corresponds to a wider distribu-
tion i.e., greater spread of the optical field; (2) the beam center
of mass,

@ = Y lnlarl + (1 + 3)lbiP), ®)

n

and the sublattice spin
(@) = > (lal = 1b,), C)

which measures the imbalance between the total intensity on
each sublattice.
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Fig. 3. Comparison between output beam profile measures
obtained from the experimental observations (points) and tight
binding model simulations (curves). (a) Center of mass (x). (b)
Inverse participation ratio IPR. (c) Sublattice intensity imbalance
(o), expressing the total intensity difference between the even and
odd waveguides.

We compare measured waveguide intensities with profiles
computed numerically using the tight binding model. To repro-
duce the experimental observations, we found that it is essential
to include negative next-nearest neighbor coupling terms, whose
strength ~ 0.046 mm™! also follows Eq. (7). This breaks the
chiral symmetry responsible for the topological protection,
slightly shifting the defect mode away from zero energy.

Figure 3 compares the measured and numerically simulated
output measures as a function of the defect speed. Changes in the
beam center of mass away from the input waveguide are reflected
in the output beam displacement. Notably, the maximal output
beam shift is obtained for luminal defect speeds (8 ~ 1), in good
agreement with the tight binding model simulations. For 8>1,
the beam is no longer able to keep up with the defect and instead
undergoes a sharp delocalization transition. Finally, the output
sublattice imbalance (o) steadily decreases as a function of the
defect speed, which is consistent with the spin rotation arising
from the Lorentz boost in Eq. (5).

Strain tuning. It was previously shown that applying hori-
zontal strain perpendicular to the elastomeric waveguide arrays
can be used to tune the coupling coefficient [2]. For evanescent
coupling of the form in Eq. (6), the effect of strain s can be mod-
eled as C(d,s) = Cyexp(—ad(1 +s)), such that 9,C = —adC,
waveguides that are further apart experience a larger relative
reduction in their coupling. Thus, the strain will not only reduce
the average coupling «, but also increase the relative strength
of the dimerization €/«, reducing the bulk mode dispersion
and resulting in stronger localization of the output beam to
the input waveguide. In other words, the strain has the effect
of reducing the system to decoupled waveguide dimers (in the
bulk) and a trimer (in the vicinity of the defect). This can be
seen in the experimentally measured output profiles in Fig. 4.
As the strain is increased, we observe that the output beam
localizes in the vicinity of the initially excited site. For higher
defect speeds, this effect is more pronounced due to differ-
ent initial separations at the injection site. Thus, using strain,
we can tune between collective propagation dynamics involv-
ing the entire array and the discrete non-topological dynamics
of a few coupled waveguides. This feature offers potential for
strain-tunable topological protection. We apply strain by clamp-
ing the chips along both edges on a mechanical translation
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Fig. 4. Schematic of the strain applied to the sample and measured output intensity profiles for various S and levels of applied strain. The
strain is expressed as the relative elongation of the chip with respect to its original width. A strain of 100% would indicate an elongation of

two times the original width. Red arrows mark positions of the input beam.

stage with two anchor points that are then being increasingly
separated.

Conclusion. We have observed experimental signatures of
boosted topological zero modes exhibiting velocity-dependent
(de-)localization in a strain-tunable, photonic elastomer
platform. To the best of our knowledge, this is the first time
that such traveling modes were observed in a photonic sys-
tem. Introducing topological photonics to polymer waveguide
systems may be beneficial from two angles. First, topological
protection can enhance the platform’s robustness and simplifies
the design process. Second, the study of topological concepts can
be facilitated through a photonic platform that not only allows
for fast prototyping, but also enables the exploration of topolog-
ical effects in hybrid photonic systems. In particular, integration
of 2D materials and molecular dopants into the polymer matrix
may provide a novel platform for the study of quantum and
nonlinear topological wave effects [21].
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