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ABSTRACT

The dislocation created in the topological material lays the foundation of many significant findings to control light but requires

delicate fabrication of the material. To extend its flexibility and reconfigurability, we propose the magnetic dislocation concept and

unveil its properties in a representative model, which effectively combines the topological defect and edge mode at the magnetic

domain wall. The results include distinct localization modes and robust light trapping phenomena with the rainbow feature

where the eigen-energy of each light-trapping state can be linearly tuned by the magnetic dislocation. The conversion from the

trapping state to edge modes can be harnessed by further adiabatically pumping light across an amount of the magnetic dislocation

variation. Our work solves a fundamental problem involving reconfigurability by introducing magnetic dislocation with new light-

manipulation flexibility, which may be implemented in a variety of platforms in photonic, acoustics, and optomechanics with

dynamic modulations and synthetic dimensions.

1 | Introduction

Dislocation, as the topological defect, describes the distortion of
the hosting lattice, usually characterized as the real-space topol-
ogy that cannot be eliminated by local continuous modifications
[1-4]. Recently, it has been realized that the interplay between dis-
locations and band topology in topological materials brings novel
ways in light manipulations against disorders [5-21], including
the light-trapping [13], bulk probes of higher-order topological
insulators [18], simulating 3D topology [20, 22-24], controlling the
topology of material [21], and probing the topology of the system
[25, 26]. Besides, the dislocation has its unique functionality for
the study of topological insulators, especially for the realization
of strong photonics topological insulators in 3D space [27]. The
defect associated with dislocation is known as the topological
defect due to the concomitant magnetic vortex brought by the
spatial variation [11, 13]. Previous studies have focused on the
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dislocation configurations from spatially designed topological
defect [4, 5, 13, 21, 28-31], which has limited reconfigurability,
particularly in the optical regime [32].

The effective magnetic field for photonics provides a power-
ful approach to control the motion of light in a flexible way
[33-39], with which the photonic analogy of quantum Hall
effect can be realized in photonics platforms [34-37]. As for
dislocation in the hosting lattice, it has been indicated that
the effective gauge potential generated from the geometrical
dislocation is the main reason affecting the property of the
topological defect mode [4]. It is, therefore, of fundamental
interest to explore the direct dislocation in an effective magnetic
field, namely magnetic dislocation, in photonics, which not
only deepens the fundamental understanding of the dislocation
mechanism but also shows new potential in reconfigurable light
manipulation.
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FIGURE 1 | The model of the magnetic dislocation. a) The 2D lattice with the designed distribution of hopping phases. b) The continuous model

subjected to a non-uniform magnetic field (see Supporting Information). c) The deformation along the g dimension forms a 3D screw dislocation, which

can be effectively characterized by deforming the magnetic field at the center (the magnetic singularity). d) The deformation along the m dimension forms

the glide of the lattice sites, which can be effectively characterized by deforming the magnetic field in the middle (domain wall). Zoom-in figures label

the corresponding Burger vectors to characterize deformations in (c) and (d).

In this work, we theoretically study the fundamental problem of
the magnetic dislocation in a spatially uniform tight-binding (TB)
lattice. The magnetic dislocation is introduced by designing non-
continuously distributed hopping phases to construct a magnetic
singularity in the underlying lattice without spatial defect, as
shown in Figure 1a. The introduction of such artificial magnetic
dislocation is in-principle different from previous models with
dislocation well-defined in spatial structures [4, 40], but is univer-
sal to be possibly constructed for waves using recent experimental
technologies in photonics [41-43], acoustics [44, 45], and optome-
chanics [46-48]. We unveil such concept of magnetic dislocation
as the composition of two effective mechanisms, namely the
topological defect and edge mode at the magnetic domain wall
simultaneously. Therefore, by tuning the discontinuous hopping
phase, light can be trapped at the singularity of the magnetic flux
with the rainbow feature [49, 50], i.e., the eigen-energy of each
light-trapping state varies with the tuning of the magnetic disloca-
tion monotonically. Such light trapping state can be converted to
edge modes by adiatically pumping the light. Our proposal can be
generalized to all electromagnetic waves [51], which may trigger
further research interest in topological defects with magnetic
singularities and novel wave manipulations [52-54].

2 | Model
We consider a 2D topological lattice model including a uniform

effective magnetic flux (see Figure 1). The Landau gauge is
taken with horizontal hopping phases on the n-th row as n¢

[55], which supports a uniform effective magnetic field B, =
1 ¢ . . .
= Jotaguette Agpdr = o [34], with A being the effective gauge

potential and b being the lattice constant. We take ¢ = /2
throughout this paper. The corresponding Hamiltonian is

t o +
H= Z Ky Us1.0€ " + Ky Qi a1 + HeCoy €))

m,n

where ajn,,,(amyn) is the creation (annihilation) operator and
x is the coupling strength. Like the quantum Hall effect in
the electronic system, the effective magnetic field imposed on
photons makes the system topologically non-trivial with edge
states [36].

On the basis of this conventional model (1), we introduce
the dislocation directly in the magnetic field. As illustrated in
Figure 1la, we modify hopping phases between m,-th and (m, +
1)-th columns from n¢ to ni¢ for those horizontal hoppings at
n < n,, where n, labels a fixed position, and the real number
l is a parameter that brings the discontinuity and determines
the magnitude of the magnetic dislocation (while the magnetic
field is uniform if I = 1). The designed magnetic dislocation refers
to the counterpart of edge dislocation in spatial geometry [13,
14, 18, 25, 56, 57], which gives three types of magnetic fluxes
inside the lattice, the one in the middle plaquette in Figure la
is 3 = (n, + 1)¢ — nylg, fluxes in each plaquette underneath is
®®@ = I¢, and all rest gives @ = ¢. The introduced magnetic
dislocation could be linked to the continuous model with the
magnetic field supporting the magnetic singularity in the middle
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and corresponding line discontinuity (see Figure 1b with details
in Supporting Information).

The discontinuous distribution of hopping phase can promisingly
be fulfilled in photonics with tailored designs [58], for example,
a synthetic frequency lattice built in coupled ring systems under
dynamic modulations that supports hopping phase n¢ along
the frequency axis of light [36, 43, 59-65]. By adding auxiliary
ring to split resonant frequency mode and then modulating the
frequency between split supermodes with designed modulation
phase, one can construct the effective hopping phase ni¢. There-
fore, in this photonics platform, the parameter [ can be tuned
by varying the amplitude of the modulation phase between split
supermodes (see Supporting Information for details). Besides,
other implementations involving acoustics [66] and optomechan-
ics [47] with the supporting of effective gauge field [34, 35, 42, 67]
can possibly fulfill the magnetic dislocation.

In contrast to the dislocation from distortion of the hosting lattice
[27], our model of magnetic dislocation does not vary the lattices,
but the underlying mechanism can be interpreted in terms of the
real space dislocation as the composition of two effective mech-
anisms with different Burger vectors, i.e., the singularity of the
flux ®® is equivalent to the topological-defect model in Figure 1c
while the line discontinuity of the flux ®® corresponds to a
magnetic domain wall described in Figure 1d. The former model
gives the topological defect as —®® + ¢ in 2D plane, which can be
mapped to an effective momentum k, along the third dimension
q. The screw dislocation is thus formed in a 3D lattice with the
Burger vector being B4 = (0,0, dq), where dq is the lattice constant
along the g dimension. The latter one supports edge modes from
breaking time-reversal symmetry at the middle magnetic domain
wall, which supports By = (6b, 0,0), with 6b = (I — 1)b from the
magnetic deformation (see Supporting Information for details).
Note that the magnetic dislocation in Figure la only supports half
of the effective domain-wall model in Figure 1d.

3 | Results

The Hamiltonian describing the lattice with the magnetic dislo-
cation in Figure 1a reads,

_ T —inl T
H, = 2 (K Qg0 ™ + KAy gy + BC)
m=my,
n<ng

+ Z (Ka:n,naerl,ne_i”d’ + Ka:n,nam,nJrl + hC) (2)

others

The intrinsic feature of the lattice structure can be uncovered by
analyzing the spectra and the eigen-state distribution under the
periodic boundary condition (PBC), where the parameters are set
as m € [1,40], n € [1,40], m, = 20, n, = 20. We first select | =
0.15 to showcase different features from the magnetic dislocation.

In the plotted spectrum in Figure 2a, the immediate observation
lies on the existence of multiple eigen-modes inside bulk gaps
open by the background flux ®". We choose one mode at E =
1.4x and plot the eigen-state distribution in Figure 2b, which
shows the localization feature at lattice sites (m,n) with m =
20 or 21 and n < n,. Such eigen-state distribution is from the

line discontinuity from the magnetic dislocation, dubbed as line
localization mode.

In Figure 2c, we take E = 2.39x, and plot the eigen-state distri-
bution. One notes that it exhibits strong localization near the
magnetic singularity (20,20) that gives point localization mode.
Interestingly, these localization effects hold stable when the
lattice size is increasing (see Supporting Information). As a side
note, the PBC we take here can induce the artificial discontinuity
of the hopping phases along columns at n =1 and n = 40. The
eigen-state distribution in Figure 2b extends to the vicinity of top
two middle sites. Such extension disappears once we consider
a finite lattice model with open boundary condition (OBC) in
following simulations.

To quantitatively distinguish bulk modes and localization modes
in the spectrum, we define the criterion using the inverse
participation ratio (IPR) to characterize the mode feature, i.e.,

2

IPR = [zm,n . |4] / [zm,n G |2] with ,, , being the eigen-
state amplitude. A standard point localization mode shown in
Figure 2e has IPR = 0.25, refer the localization in the vicinity of
the position of the singularity. For a standard line localization
mode in Figure 2d, IPR = 0.025 as the distribution in the lower
half part extends among n € [1,20] in the middle of the m-axis.
As for a typical bulk mode with distribution equally spread out
the whole lattice, IPR = 6.25 X 107*.

We then explore properties of all modes in the projected spectrum
versus [ in Figure 3a. For [ = 1, the magnetic flux is uniformly
distributed, and there is no magnetic dislocation, so no local-
ization mode exists either. Nevertheless, for cases with [ # 1,
the magnetic dislocation is introduced, and various types of
dislocation modes appear. In particular, one sees that the line
localization modes (in blue) are widely distributed outside of
the bulk spectra. The most interesting feature is that the point
localization modes in red monotonically increase (decrease) with
the variation of I in the upper (lower) spectral gap, which gives
multiple monotonic curves, and each of them shows the rainbow
feature. Such rainbow distribution of point localization modes
with the variation of | provides a way to selectively localize a par-
ticular frequency component of the light by varying the magnetic
dislocation. Moreover, the number of these monotonic curves
for the point localization modes depends on the accumulated
phase at the point discontinuity (i.e., the magnetic singularity, see
Supporting Information).

To demonstrate the magnetic singularity is the composition of
two effective mechanisms, we perform separate spectrum anal-
ysis for both. In Figure 3b, we plot the spectrum versus k, from
the effective model described in Figure 1c, again under PBC. The
bands in-between bulks refer to the topological defect with the
localization feature of its eigen-state distribution (see Figure 3d).
Therefore, the varying ! in Figure 3a effectively equals to tuning
k, in the manner of k,, - d, = —®® + ¢ (with d,, being the lattice
constant in the g dimension) which gives the rainbow feature
of the point localization mode. The localization phenomena of
the geometric defect can also be linked to the magnetic defect
by uncovering the phase phase information at the defect (see
Supporting Information for details). As for the magnetic domain-
wall model in Figure 1d, we plot the corresponding spectrum in
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FIGURE 2 | Spectra and intensity distributions of eigen-states. a) Spectra for [ = 0.15. Zoom-in plots are presented in green boxes. b,c) Intensity

distributions of eigen-states for the eigen-energies labeled by blue and red arrows in (a). d,e) Schematic diagrams of standard line and point localization

modes, respectively.
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FIGURE 3 | The projected spectrum. a) The projected spectrum along parameter [, where bulk states, line localization, and point localization are
characterized as IPR < 0.01 (black), 0.01 < IPR < 0.04 (blue), and IPR > 0.04 (red), respectively. b,c) The spectrum from effective models in Figure 1c,d,
respectively. d,e) Corresponding eigen-state distributions of two eigen-modes labeled by the red arrow in (b) and blue arrow in (c).

Figure 3c under PBC. One can see the similar spectrum with
that in Figure 3a except for no point localization modes. In this
effective model with the domain wall throughout the vertical
range, the corresponding edge-state distribution in Figure 3e
exhibits such edge mode occupying middle sites with all n.

Simulation under OBC can show the dynamic evolution of the
light in a (40 x 40) lattice, where we choose the magnetic dislo-
cation parameter as [ = 0.15 in order to support point localization
modes and line localization modes in-between the spectral gap.
One-way edge states in-between gaps exist due to the effective
magnetic flux [36]. We excite the lattice at a single lattice site with
the input pulse field as E,, (f) = e !e~(~10)*/A2 \yhere t, = 201!
and At = 8x7!, and study distributions of the field intensity on
each site |v,, ,|* at different times (see Supporting Information
for details). w, is the center frequency of the excitation.

We first excite the lattice by using E;,(t) with w. = 2.39x at
the boundary of the lattice (m,n) = (1,20) to excite the topo-
logical one-way edge state. The simulation results are shown
in Figure 4a, where three snapshots at ¢ = 40, 120, and 200%™,
respectively, present the evolution of the light in the lattice at
different times. The edge mode is unidirectionally propagating
along the boundary of the lattice without efficiently leaking into

the bulk or coupling to any localization modes.

We now take the same input pulse but excite the lattice at the
point discontinuity (m, n) = (20,21), and show simulation results
in Figure 4b. One can see that the point localization mode is
successfully excited, where the light is trapped at the singularity
of the magnetic dislocation, consistent with the theoretical
prediction in Figure 2c. More importantly, although the input at
the same excitation frequency can also excite a topological edge
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FIGURE 4 | The dynamicevolutions of the light excited by a pulse source in the finite lattice. a) Simulation results of |v,, ,|? at t = 40,120,, 200k,
respectively, with the E;,(¢) at w. = 2.39 x excited at (m, n) = (1, 20). b) Simulation results with the same E;, (t) at w, = 2.39 x but excited at (m, n) = (20,
21). ¢) Simulation results with the same Ej;,(t) but w, = 1.4 x excited at (m, n) = (20,11).

mode if the excitation position is at the boundary of the lattice (see
Figure 4a), the trapped light does not leak into the edge mode.
In other words, due to the strong localization effect, the point
localization mode does not interact with the edge mode due to
no spatial overlap between two modes. There is no leak to the
line localization mode either because of different eigen-energies
for these two modes (see Figure 2a). Moreover, the excited
distribution of the point localization mode is robust against
possible imperfections and noises in practical experiments (see
Supporting Information), so it showcases an efficient localization
effect from the magnetic dislocation in photonics.

In Figure 4c, we give simulation results of exciting the lower
line localization mode by using E;,(t) with w, = 1.4 x at the
middle of the line discontinuity (m, n) = (20, 11). Here, the light
is initially trapped within the line discontinuity regime, but
during the time evolution, a portion of light leaks to edge modes
and propagates along the boundary counter-clockwisely. Such a
phenomenon indicates that even though we successfully excite
the line localization mode initially, it can interact with the one-
way edge mode in a finite lattice as the small overlap between
two modes, and the energy of localization is then leaking out in
this case. Note that the artificial extension to top sites in Figure 2b
indeed disappears.

We suggest two possible applications with the unveiled light
trapping with point localization modes under manipulations of
the parameter [. First, we use a broadband pulse with At =
4.62x7, t, = 207!, and w, = 1.94 x to excite the system at the
point discontinuity (m,n) = (20, 21) in various choices I. Such

pulse covers a broad spectral bandwidth Aw ~ 0.71x, spanning
over the upper spectral gap in Figure 3a. We perform simulations
with [ =0.68,0.695,0.71,0.725,, and 0.74, respectively, collect
field amplitudes at (m, n) = (20, 21), and plot the corresponding
spectra in Figure 5a. One can see the selective excitation of the
localization mode with the blue shift of the frequency when [
is increasing.

Next, we show the adiabatic pumping of light by exciting the
system at (20, 21) with pulse parameters w. = 1.96x, t, = 20x~!,
and At =8x7!, and then slowly varying | from 0.1 to —0.1
shown in Figure 5b. The system is initially excited at the point
localization mode and then adiabatically gets tuned into the
regime of line localization modes (see Figure 3a). The simulation
results show that the field is initially trapped at the middle
of the lattice for t = 40x™!, 80x~!, but gets converted into the
line-localization distribution at t = 120x~!. Afterwards, the field
slowly leaks into the edge mode. This example exhibits interesting
conversion among three modes, namely point localization, line
localization, and edge state modes with an adiabatic operation,
showing a way for releasing the trapped light at the magnetic
singularity in a controllable way.

4 | Summary

We study the magnetic dislocation in a spatially uniform lat-
tice and explore physics of localization modes in theory. The
projection of high-dimensional phase on the lower dimension
gives rise to the singularity in the effective magnetic field, where
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FIGURE 5 | a) The spectra of localized modes from the field collected at (m, n) = (20,21), where [ = 0.68 (red), 0.695 (orange), 0.71 (cyan), 0.725
(blue), and 0.74 (purple) are taken in simulations. The grey curve indicates the spectrum of the input pulse. b) Adiabatic pumping of light by slowly
tuning [ from 0.1 to —0.1 during the time ¢ € [0,240]x~!. bl-b5) Simulation results of |v,, ,|* at t = 40, 80, 120, 160, and 200x !

light can be trapped robustly in the vicinity of the singularity
without leaking into either bulk modes or edge modes. We find
the rainbow featured light-trapping phenomena, which supports
possible applications for fine adjustment of cavity frequency
mode with tunable external modulation. Finally, the adiabatic
control of the magnetic dislocation realizes the switch between
trapping mode and topological edge mode. Our research explores
a universal Hamiltonian in photonics, where the desired hopping
phases for magnetic dislocation may be possibly realized in many
experiment-feasible platforms other than the proposed synthetic
frequency lattice model [68]. For example, synthetic modal space
where hopping phases can be designed between propagating
modes in curved waveguide arrays [42] can be another reliable
candidate. For spatial photonics platforms, one can use ring
arrays with designed auxiliary delayed lines for realizing desired
hopping phases [35]. Moreover, the magnetic dislocation may
also be generalized to other 2D symmetric lattices, for example,
the C; symmetric lattice (see Supporting Information for more
information).
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