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Emulating spin transport with nonlinear optics,
from high-order skyrmions to the topological Hall
effect
Aviv Karnieli 1, Shai Tsesses 2, Guy Bartal2 & Ady Arie1✉

Exploring material magnetization led to countless fundamental discoveries and applications,

culminating in the field of spintronics. Recently, research effort in this field focused on

magnetic skyrmions – topologically robust chiral magnetization textures, capable of storing

information and routing spin currents via the topological Hall effect. In this article, we pro-

pose an optical system emulating any 2D spin transport phenomena with unprecedented

controllability, by employing three-wave mixing in 3D nonlinear photonic crystals. Precise

photonic crystal engineering, as well as active all-optical control, enable the realization of

effective magnetization textures beyond the limits of thermodynamic stability in current

materials. As a proof-of-concept, we theoretically design skyrmionic nonlinear photonic

crystals with arbitrary topologies and propose an optical system exhibiting the topological

Hall effect. Our work paves the way towards quantum spintronics simulations and novel

optoelectronic applications inspired by spintronics, for both classical and quantum optical

information processing.
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Exploring the physics of material magnetization has long
been a focal point of both fundamental science and tech-
nological advances. The study of various magnetic phases

such as spin ice1 and spin glass2 unveiled novel fundamental
phenomena, e.g., magnetic monopoles3, while giant magneto-
resistance4 and spin currents5 facilitated applications of magnetic
information transfer and storage, giving birth to the field of
spintronics6.

A recent focus in this field is on magnetic skyrmions7,8: 3D
topological defects in 2D magnetization textures, which are
robust to disorder and can be driven in an energy-efficient
manner9, making them excellent candidates for memory appli-
cations and information processing10. Skyrmions can also be
applied to control spin transport through the topological Hall
effect11–13: the deflection of a spin-1/2 particle due to its inter-
action with a topologically nontrivial magnetization.

Although conducting spin transport experiments is readily
achievable, performing them under arbitrary magnetization
conditions is difficult, since both natural and artificial magnetic
materials are restricted to thermodynamically stable phases14,15.
Likewise, exact control over spin currents often requires cryo-
genic temperatures and external control fields, which may influ-
ence the system Hamiltonian16,17. As such, utilizing more
controllable physical systems to implement the required inter-
action may be of great importance, both for exploring the system
dynamics and for discovering new effects and applications.

For example, the quantum Hall effect18 was successfully
simulated using systems the likes of cold neutral atoms19,20 and
electromagnetic waves21,22 by virtue of artificial gauge fields23–25.
In optics, wherein fabrication capabilities allow a high degree of
controllability and straightforward measurement, these experi-
mental analogies ultimately created the field of topological pho-
tonics26, enabling many exciting applications, including
topologically protected lasing27,28.

Motivated by the recent discovery of skyrmions in optics29–31,
and the ability of nonlinear optical processes to effectively define
a spin-1/2 system32–34, we propose a method to emulate any 2D
spin transport phenomenon with light, using 3D nonlinear
photonic crystals (NLPCs)35–38. As a proof-of-concept, we ana-
lytically and numerically present an emulation of the topological
Hall effect by engineering effective skyrmion textures for light.
The effective magnetization in our proposed system is highly
tunable, such that high-order skyrmion textures and domain wall
fine structures, otherwise unstable in magnetic materials, may be
created to probe spin transport dynamics. We also suggest
methods for active, all-optical control over the effective magne-
tization in the NLPC, illustrating the potential of our approach to
support the development of new optical and quantum optical
devices inspired by spintronics. Our formalism applies to any 2D
magnetization landscape and can even be extended to simulate
spin transport through time-dependent magnetizations, such as
melting domains39 and spin waves40. Employing the high avail-
ability of single-photon sources, our formalism may allow the
quantum simulation of single-particle phenomena such as
Anderson localization41 or quantum random walk42 of spin-
carrying particles as well as transport phenomena with entangled
spins43, which can be simulated using frequency-entangled
multiphoton states.

Results
Spin transport emulation through nonlinear optics. Emulating
2D spin transport necessitates a pseudospin degree of freedom, an
effective magnetization field acting on the pseudospin, and a
space-time along which the dynamics is probed. We define the
pseudospin degree of freedom by considering a nonlinear optical

process involving two interacting frequencies, which can be
geometrically represented on a Bloch sphere25,32,44 (Fig. 1a–b).
This degree of freedom is controlled by the inherent phase
matching of the process and its complex coupling coefficient,
which together define an effective magnetization field applied on
the pseudospin33,45 (Fig. 1c). Considering the propagation
direction as a time axis, the transverse profile of a light beam
defines the wavefunction of a massive particle in two spatial
dimensions (see Figs. 1d and 2a), with its dynamics dictated by
the variation of the effective magnetization field in space.

Full control over the dynamics is achieved by engineering the
nonlinearity in the material, causing the detuning from phase
matching and the complex coupling strength to change in space,
for a fixed pump illumination. Alternately, the complex coupling
can be tailored by shaping the pump field, together with a
correspondingly engineered variation in the detuning. The
nonlinear process and its tunable parameters are presented in
Fig. 1b-c.

In what follows, we consider the three-wave mixing process of
sum-frequency generation in a quadratic nonlinear photonic
crystal between an idler (Ei), signal (Es) and pump (Ep) electric
fields (Fig. 1b). Assuming the pump field is strong and
nondepleted, the interplay is effectively only between the idler
and signal fields. In this setting, the transverse propagation of the
light beam and its frequency (idler or signal) emulate the motion
of a spin-1/2 particle at a certain spin state, traversing a two-
dimensional magnetization texture (see Fig. 1d).

Under the long pump wavelength approximation46, the
paraxial coupled wave equations for the signal and idler slowly
varying envelopes are:

i
∂

∂Z

Ei
Es

� �
¼ p2T

2�k
� 0 κ*e�iΦ

κeiΦ 0

 !" #
Ei
Es

� �
ð1Þ

where κ ¼ 2deff �ω
2Ep=�kc

2 is the nonlinear coupling constant; deff
is the corresponding component of the effective nonlinearity
tensor; �k; �ω are the mean wavenumber and frequency for the idler
and signal fields; c is the speed of light in vacuum; pT ¼ �i=T
and rT ¼ x; yð Þ are the transverse momentum operator and
position vector, respectively; Z is the propagation coordinate; and
Φ rð Þ ¼ R Z0Δk rT;Z

0ð ÞdZ0 is the phase mismatch accumulated
along the propagation (Δk rð Þ is the position-dependent momen-
tum mismatch, defined in Fig. 1b).

A local gauge transformation to the rotating frame can be
applied to Eq. (1) by defining U rð Þ ¼ diag e�iΦ rð Þ=2; eiΦ rð Þ=2� �

,
while rewriting it for the transformed two-component field vector
Ψ ¼ Uy Ei; Esð ÞT :

i
∂

∂Z
Ψ ¼ pT �Að Þ2

2�k
� σ �M

� �
Ψ; ð2Þ

where M ¼ ðRe κ; Im κ;Δk=2Þ is the effective magnetization

operator, σ ¼ σx; σy; σz

� 	
is the Pauli matrix vector and A ¼

iUy=TU ¼ 1
2=TΦσz is the vector potential operator. The

similarity between Eq. (2) and the Pauli-Schrodinger equation—
describing a spin-1/2 particle in a magnetic field—is what allows
us to describe the optical fields in terms of spin currents
propagating in a magnetization texture. Most importantly, the
effective magnetization vector M in the pseudospin space can be
varied according to the crystal design and pump field shape (see
Fig. 1c), thus enabling control over the spin transport. With
recent advances in fabricating three-dimensional NLPCs35–38, the
necessary degrees of freedom for fully controllable engineering of
the parameter space are now available. Therefore, the formalism
given by Eq. (2) constitutes a general framework to explore the
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dynamics of 2D spin-1/2 particles influenced by arbitrary
magnetization textures using nonlinear optics.

The topological Hall effect for light beams. We demonstrate the
capabilities of our approach by emulating the topological Hall
effect (THE), in which polarized spin currents are deflected by a
topologically nontrivial magnetization texture (such as magnetic
skyrmions11–13). In the adiabatic regime of the THE, the orien-
tation of electron spin follows the local normalized magnetation
direction M̂ ¼ M= Mj j, causing the electron wavefunction to
deflect due to an acquired geometric phase (illustrated in Fig. 1d).

We implement the local gauge transformation U 0 rð Þ ¼
exp �iθ rð Þσ � φ̂ rð Þ=2½ � on the spinor wavefunction Ψ of Eq. (2),
aligning the synthetic optical spin with the local magnetization
direction11,47. Here, θ rð Þ ¼ arccos M̂ � ẑ and φ̂ rð Þ ¼ ẑ ´ M̂= ẑ ´ M̂



 

,
are the elevation angle and polar unit vector, as defined in Fig. 1c.
The transformed state Ψ0 ¼ U 0yΨ then satisfies the equation of
motion:

i
∂

∂Z
Ψ0 ¼ pT �A0� �2

2�k
þ V

" #
Ψ0; ð3Þ

where the new vector and scalar gauge potentials are A0 ¼
iU 0y=TU

0 þ U 0yAU 0 and V ¼ �iU 0y∂ZU
0 �Mσz . To describe the

spatial dynamics, we derive the synthetic electric and magnetic fields
from the gauge potentials. In the adiabatic regime, the dynamics for
the two spinor eigenstates is decoupled, and for each frequency
eigenvalue we associate an effective charge qs ¼ ± 1, depending on
the orientation of its associated pseudospin with respect to the local
effective magnetization (parallel or anti-parallel). Assuming the
magnetization is constant in the propagation direction ∂ZM ¼ 0ð ,
which implies time invariance in the electronic system, see the
Supplementary Material):

E ¼ �=TV � ∂ZA0 ¼ MT=TMT

M
; ð4aÞ

B ¼ =T ´A0 ¼ � 1
2
ẑ M̂ � ∂xM̂ ´ ∂yM̂

� 	h i
; ð4bÞ

where M2
z þM2

T ¼ M2, with Mz;MT denoting the longitudinal
(out-of-plane) and transverse (in-plane) components of the magne-
tization, respectively. As such, each eigenstate experiences an opposite
Lorentz-like force, given by:

F ¼ qsðE þ v ´BÞ; ð5Þ
where v ¼ kT=�k; the beam angle with respect to the optical axis,
serves as an effective velocity of the light beam in the transverse
plane. This concept is illustrated in Fig. 2, depicting a proposed
experimental system: a broad pump beam covering the entire facet of

Fig. 1 Emulation of spin transport phenomena in nonlinear optics. a Bloch sphere representation of a two-level system—here comprising the idler (ωi)
and signal (ωs) frequencies—wherein the frequency degree of freedom acts as a pseudospin dimension. Consequently, an effective magnetization field M,
driving the dynamics, can be defined. b Realization of two-frequency dynamics. In sum-frequency generation, the idler and pump photons generate a
higher-frequency signal photon. For an undepleted pump, the interaction reduces to a two-level system of ωi and ωs. A periodic spatial modulation of the
nonlinearity compensates for the momentum mismatch Δk. c Parameter space defining the spatially-varying effective magnetization, M rð Þ. The z-
component is controlled by the momentum mismatch Δk rð Þ—namely, the poling period (marked in green). The radial component is defined by the
nonlinear coupling strength κðrÞ



 

, proportional to the modulation duty cycle and to the pump field strength (marked in blue). The polar angle φ rð Þ is given
by the relative phase between the poling phase and pump phase front (marked in purple). θ rð Þ denotes the elevation angle. All these parameters are
tuneable and can be used to tailor arbitrary magnetization textures M rð Þ. d Dynamics of the pseudospin and position of the light beam as it traverses a
synthetic magnetization texture. In the photonic system, the propagation coordinate represents time, and the location of the light beam on the transverse
plane is analogous to the position of the spin-1/2 particle (axis inset), while the spin degree of freedom is analogous to the color of the light (green/blue
colors representing spin up/down). In a similar manner to the electron spin, adiabatically following the local magnetization direction, light undergoes
adiabatic frequency conversion as it propagates.
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a NLPC, while an idler (or signal) beam is tightly focused inside the
crystal—acting as a localized spin wavepacket in the transverse plane
(see also Fig. 1d). The relative ease in which one can control the
incidence angle and beam size of light, effectively changing the spin
wavepacket’s shape and velocity, is a main strength of our approach
to spin transport emulation.

The synthetic magnetic field in Eqs. (4) and (5) is directly related
to the geometric phase acquired during propagation of light
through the crystal, and it’s magnitude is solely dependent on the
real-space Berry curvature of the magnetization47. As such, only
topologically nontrivial magnetization textures can induce a
deflection of the beam trajectory associated with the THE (see
Supplementary Material), with the so-called skyrmion number S ¼R
d2r bM � ð∂xM̂ ´ ∂y bMÞ=4π ≠ 0 as the relevant topological invariant.

On the other hand, the synthetic electric field term in Eqs. (4) and
(5) depends on the coupling strength explicitly through MT / κ,
and is thus related to the dynamic phase accumulated during the
interaction (leading, in the fully phase-matched case, to a photonic
Stern-Gerlach effect45,46 wherein F ¼ qs=TMT).

Simulating the topological Hall effect from single skyrmions
with light. Using our formalism, it is possible to explore the
topological Hall effect occurring in otherwise thermodynamically
unstable magnetization textures, such as single high-order sky-
rmions14. To this end, let us define a circularly-symmetric mag-
netization texture with a single topological defect as follows:

bM ρ; ϕð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�m2 ρð Þ

p
cos nϕþ ηð Þbx þ sin nϕþ ηð Þby½ � þm ρð Þbz;

ð6Þ
where ρ; ϕ are the (radial and azimuthal) transverse polar coor-
dinates; �1≤m ρð Þ ¼ Δk ρð Þ=2M0 ≤ 1 is a (normalized) radial
variation of the phase mismatch, accompanied by a radial var-
iation

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�m2 ρð Þp

in the nonlinear coupling strength κj j; M0 is a
constant magnitude of the magnetization vector such that
M ¼ M0

bM; η is a constant phase factor; and n is a chosen
winding number, which we consider for now to be induced solely

by the chirality of the NLPC (see Supplementary Material for
further details).

For the given magnetization in Eq. (6), the synthetic electric
and magnetic fields are:

E ¼ �M0m ρð Þ d
dρ

m ρð Þbρ; ð7aÞ

B ¼ � 1
2
n
ρ

d
dρ

m ρð Þbz; ð7bÞ

with the skyrmion number S ¼ m Rð Þ �m 0ð Þ½ � ´ ðn=2Þ, where R
is the radius of the entire magnetization domain. Note that only
the magnetic field is directly dependant on the winding number
n, nullifying its contribution for any topologically trivial
magnetization. As a consequence of Eq. (5), the electric field
contribution to the synthetic Lorentz force acts now as an
attractive (or repulsive) central force for opposite pseudospins,
whereas the magnetic deflection of the beam also changes its sign
depending on the corresponding eigenstate.

Though quite a specific solution, Eqs. 6,7 are still general enough
such that the simulation of several meaningful magnetization textures
may be achieved, through the simple task of guessing the distribution
function m ρð Þ, winding number n and the constant phase η. For
example, a Néel-type skyrmion48 (or Néel-type antiskyrmion) can be
described by m ρð Þ ¼ � cosðπρ=RÞ, winding number n ¼ ± 1, and
phase factor η ¼ 0. Similarly, changes can be made to accommodate
Bloch-type skyrmions48 (η ¼ π=2), or high-order skyrmions ( nj j>1).

Numerical simulations of nonlinear beam propagation inside a
skyrmionic NLPC, based on the split-step Fourier method (see
Methods), are presented in Fig. 3. We note that in the numerical
calculation we only apply standard assumptions, such as reflection-
less, paraxial propagation, rather than the approximations employed
for the analytical solution. Figure 3a,b shows the idler beam’s
transverse dynamics as it propagates through a crystal with a
skyrmion magnetization of S ¼ �1: for opposite incident angles, the
beam deflects to opposite transverse directions, in a clear
manifestation of the THE11,47. A reversed angle is analogous to a

Fig. 2 Topological Hall effect for light beams. a A quadratic χ 2ð Þ� �
nonlinear photonic crystal with an imprinted synthetic skyrmion texture (gray and

yellow for negative and positive nonlinearity poling) is illuminated by a broad pump beam (red). A tightly focused beam in the idler frequency (green)
impinges the crystal at an angle θ with respect to the optical axis (dashed black line). As the beam propagates, it experiences adiabatic frequency
conversion to the signal frequency (blue) and back to the idler frequency, as the spectral pseudospin adiabatically follows the local direction of the effective
skyrmionic magnetization (see also Fig. 1d). As a result, a real-space geometric phase is accumulated, and the synthetic gauge fields associated with it
give rise to an emergent Lorentz force, causing the beam waist to deflect by an angle α in the transverse plane (shifting the x-axis position of the beam at
the output). b cross sections of a high-order skyrmionic nonlinear photonic crystal used in Fig. 3c,d, at crystal center ðZ ¼ 0Þ, Z ¼ 2:5mm, and Z ¼ 5mm.
The nominal quasi-phase-matching period is 10:24 μm, and it changes between 10:33 μm at the crystal center (the optical axis), to 10:15 μm at the edges.
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Fig. 3 Simulating the topological Hall effect in skyrmionic nonlinear photonic crystals. a, b Simulated beam shape and position in the transverse plane of
the crystal, for selected depths of propagation inside the NLPC (the successive points are for z locations of �10:0;�7:5;�5:0;�2:5;0; 2:5; 5:0; 7:5 and
10:0mm). The theoretical trajectory of the beam’s center-of-mass motion is depicted by solid red lines. In a, an idler beam enters the NLPC at an entrance
angle of 1.5 degrees, traversing a Néel-type antiskyrmion (S ¼ �1, m ρ

� � ¼ cosðπρ=RÞ; n ¼ 1; η ¼ 0; R ¼ 200 μm) from left to right. Also inset is the
transverse component of the synthetic magnetization in the NLPC, color-coded by its corresponding z-component. In b, the dynamics are flipped (from
right to left), and as a result, the beam is deflected in the opposite direction—a clear signature of the THE. c, d Same as in a, b, but with an engineered high-
order antiskyrmion ðn ¼ 4Þ, causing a more pronounced difference in the deflection. e Deflection angle of the beam for varying skyrmion numbers. By
considering the rotation of the velocity vector v by the magnetic field, the deflection angle of the beam’s center-of-mass should be α / S=R vj j (see
Supplementary Material). Simulation results show a clear linear dependence on the skyrmion number, for two different cases (red circles—R ¼ 200 μm,
vj j ¼ sin 1:5�ð Þ; green circles - R ¼ 100 μm and vj j ¼ sin 1:2�ð Þ). f Photon number, normalized by its initial value, in the idler (green continuous line) and
signal (blue dashed line) frequencies as a function of the propagation inside the NLPC for case a, demonstrating adiabatic frequency conversion. Full
simulation parameters are given in the Methods.
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reversed velocity, and the opposite deflection is intimately connected
to the nonreciprocity induced by the synthetic magnetic field.

The effect becomes more pronounced for higher skyrmion
numbers or smaller skyrmion radii, as illustrated in Fig. 3c–e, and
in Supplementary Movies 1 and 2. Our theoretical model seems
to describe the nonlinear optical system well, as evident by the
predicted trajectories (red lines in Fig. 3a–d) and by the adiabatic
frequency conversion during propagation (Fig. 3f), in complete
analogy to the electron spin in the THE. The signal beam behaves
similarly, although it is deflected to the opposite direction, as
expected (see the Supplementary Material).

Domain walls engineering. Interestingly, the dynamics in the
THE regime can be significantly altered by the exact variation of the
magnetization from one out-of-plane direction to its opposite—
called the domain wall. The ability to accurately engineer 3D fea-
tures of NLPCs allows us to precisely design domain walls,
including the adjustment of the skyrmion winding, size and radial
profile m ρð Þ. Figure 4a–c shows the simulated transverse dynamics
of light beams propagating through S ¼ �2 crystals with cubic
(Fig. 4a), linear (Fig. 4b), and exponential (Fig. 4c) domain walls
(see also Supplementary movies 3 and 4).

While all three configurations possess the same radius and
topological invariant, they exert a different force on the light
beams, resulting in different center-of-mass trajectories. The
trajectories are compared in Fig. 4d, along with that found in
conventional Néel-type skyrmions with cosine domain walls.

Evidently, topologically equivalent magnetic textures yield
different THE signatures, with the underlying mechanism being
the strong singularity emerging in the synthetic magnetic field
distribution (Fig. 4b, c). Interestingly, a larger and more localized
Berry curvature enhances the Lorentz force, similarly to how a
larger local optical angular-momentum density increases the
torque applied on particles by optical vortices49, even though
both effects initially stem from global topological charges.

Active all-optical control over the topological Hall effect with
light. Effective magnetization textures in nonlinear optical media
can also be induced directly by light, enabling diverse opportu-
nities for all-optically-controlled devices. In the context of gen-
erating effective skyrmion magnetizations, pump fields carrying
orbital angular momentum49 (OAM) can provide the required
chirality25 and coupling strength variation, through their phase
and intensity profiles (Fig. 1c). Thus, the NLPC design is greatly
simplified, requiring only a radially varying periodicity (see
Fig. 5a).

In this manner, the pump and crystal together induce an
effective skyrmion of order S ¼ l, where �hl is the pump OAM,
whereas active control over the THE is enabled by changing the
OAM. Examples are given in Fig. 5, where we simulate the THE
from high-order skyrmions with Gauss-Laguerre pump beams
carrying OAM of ± 2�h. As expected, it appears that for opposite
OAM values, the deflection is reversed, in accordance with the
skyrmion number changing its sign.

Fig. 4 Tailoring domain walls to engineer the topological Hall effect for light. Simulated beam shape and position in the transverse plane of the crystal,
for selected depths of propagation inside the NLPC and different domain wall distributions (R ¼ 200 μm; n ¼ 2; η ¼ 0, and beam angle 1:5� in all panels;
insets show the domain wall cross sections). a cubic polynomial dependence m ρ

� � ¼ 1� 2 ρ=R
� �3

(with B / ρ). b linear dependence m ρ
� � ¼ 1� 2ρ=R

(with B / 1=ρ). c exponential dependence m ρ
� � ¼ expð�ρ=RÞ½1� ðρ=RÞð1þ eÞ� (with B / expð�ρ=RÞ=ρ). Inset is the transverse component of the synthetic

magnetization in the NLPC, color-coded by its corresponding z-component. It appears that the deflection becomes more dominant as the domain wall
transition effectively occurs in a smaller area. d Simulated center-of-mass trajectories of the light beams traversing the different domain walls of a–c, as
compared to a conventional Néel-type skyrmion (m ρ

� � ¼ cosðπρ=RÞ, with B / sinc πρ=R
� �

).
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Aside from spatially modulating the pump, temporal modula-
tion can also bring about new degrees of control. Since optical
nonlinear effects relax in ultrafast time scales, modulation
frequency should only be limited by the propagation time
through the NLPC, allowing working rates on the order of tens of
GHz for the crystal lengths considered in this work. The simplest
modulation is, of course, mere intensity modulation, which turns
the THE on or off. However, it is also possible to modulate the
angular momentum of the pump in time, thus changing between
the deflection properties of the THE.

Discussion
In summary, we presented a framework to connect the fields of
spintronics and nonlinear optics through the use of 3D nonlinear
photonic crystals, showing how any spin transport through any
2D magnetization texture may now be emulated by light. As an
example, we realized the topological Hall effect for light via
effective skyrmion textures with different topologies and domain
wall distribution, while showing the capability for all-optical
control. Our framework can readily simulate periodic7,8,50,51 or
disordered2 magnetization textures, but more importantly—
emulate hard-to-implement quantum spin phenomena via
quantum signal/idler light. Such phenomena include Anderson
localization41 of spinors or their quantum random walks42, uti-
lizing single-photon sources; or entangled spin transport, as in

superconducting spintronics43, using multiphoton frequency-
entangled states52.

Further extending our formalism may allow the simulation of
scenarios where a direct experiment or numerical calculation are
impractical. Such is the case when introducing Kerr nonlinearity,
which could promote effective many-body interactions between
pseudospins53; or cascaded nonlinear interactions, enabling the
simulation of higher spin Hilbert spaces46. Even simple extensions,
such as time-variance (∂ZM≠ 0), can increase the range of effects
produced by our system to enable the study of transient phenomena
such as melting39 or spin waves40. Allowing pump depletion54, i.e.,
permitting the pump intensity to be affected by the signal/idler
waves, will describe the full nonlinear dynamics under which Berry
curvature is known to persist55, but will complicate the calculations.
In the latter scenario, the effective magnetization will be perturbed
by the pseudospin current, much like in spin-transfer torque56.

Novel ideas for both classical and quantum optical information
processing can now benefit from decades of spintronics research,
as methods and devices to control spin current may be used to
direct optical flow. For example, a practical application for the all-
optical modulation of a skyrmionic NLPC can be a relatively
broadband32 optical router, operating in tens of GHz, for
either classical optical communications or to control quantum
frequency combs52—an emerging candidate for quantum infor-
mation processing. Skyrmionic NLPCs could also serve as

Fig. 5 All-optical angular-momentum control of the topological Hall effect for light. a Cross section of the three-dimensional nonlinear photonic crystal
along the optical axis, showing the radial variation in the modulation period, Λ ρ

� �
(ρ denotes the radial coordinate with respect to the optical axis). The

nominal quasi-phase-matching period Λ ρ
� �

is 10:24 μm, and it changes between 10:33 μm at the crystal center, to 10:15 μm at the edges. Note that in this
case the required χ 2ð Þ pattern is rotationally symmetric, given by χ 2ð Þ ¼ sign cos 2πZ=Λ ρ

� �� � �
. b, c a quadratic (χ 2ð Þ) nonlinear photonic crystal with a

radially symmetric variation in the periodicity is illuminated by a broad pump beam carrying orbital angular momentum of ± �hl (red). The pump beam
profile and phase front, together with the 3D NLPC structure, induce a topologically nontrivial magnetization texture, with opposite skyrmion numbers
S ¼ ± l. As a result, an incident idler beam is deflected according to the topological Hall effect. d, e Simulation results for the optically-controlled
topological Hall effect, for a pump beam carrying OAM of d þ2�h and e �2�h, with a waist of w0 ¼ 100 μm (S ¼ ± 2, n ¼ l ¼ ± 2; η ¼ 0; R ¼ 200 μm and
beam angle of 1:1�). The idler beam is deflected in opposite directions according to the skyrmion number.
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multi-level logic gates (or single-qubit gates for frequency-
entangled states), where the pump OAM, or even its polariza-
tion, contain the information. Overall, the system is expected to
display topological robustness for deviations in pump power,
input wavelengths and poling, as was demonstrated in earlier
observations of adiabatic processes in nonlinear optics32–34,57.

The experimental realization of our proposed system is fast-
approaching, considering the rate of advancement in fabricating 3D
NLPCs. Rather than feature resolution, which is quite sufficient35,
the main challenge imposed by our system is the long crystal length
L necessary to ensure the adiabatic condition33 L � 2π=κ. The
nonlinear coupling κ can be increased with pump peak intensity,
allowing for shorter crystal lengths, though it is still limited by the
material damage threshold. Another route to decreasing the crystal
length is by relaxing the adiabaticity of the system, which maintains
geometric phase effects even for L � 2π=κ34. Finally, much shorter
crystal lengths can be achieved by using 3D nonlinear cavities and/
or waveguides36, thanks to the large field confinement, though
further research is required to discover analogous spintronic and
topological phenomena in such systems.

Methods
Simulations were performed using a split-step Fourier58 method, where the pro-
pagation of fields is calculated under the paraxial approximation. Idler and signal
fields were initialized as Gaussian beams at z ¼ �10mm, and were then allowed to
propagate through the crystal. The pump was assumed to retain its given spatial
mode (either Gaussian or Gaussian-Laguerre mode; pump beam waists corre-
sponding to the different simulations are explicitly mentioned in the text). The
simulated wavelengths were chosen as λi ¼ 532 nm, λs ¼ 480 nm for the idler and
signal, respectively, and λp ¼ 5 μm for the pump field, with a pump peak intensity
of 153MWcm�2, which is quite possible with commercially available laser systems.
The nonlinear medium was a bulk LiNbO3 d33 � 23:4 pmV�1ð Þ crystal, 20mm in
length. Both idler and signal beams were initially focused onto the crystal center,
with a minimal waist of 25 μm and at an angle θ ¼ kx=k (specified in the main text)
with respect to the optical axis. All parameters were optimized to ensure adiaba-
ticity of the nonlinear interaction57, such that the adiabatic change is slower than
the system’s Rabi oscillations, namely κL � 2π. For the parameters simulated,
κL ¼ 56 (see Fig. 3f). All parameters were chosen within experimentally available
regimes for real materials and laser sources. Our use of a mid-IR pump in the
simulation is a favorable approximation45, which ensures that the wavevectors of
the idler and signal are similar, but this is not crucial for an experiment, as even
with far less intensity and a far shorter pump wavelength (λp ¼ 1064 nm), spatially
dependent nonlinear geometric phase effects were observed34.

Data availability
The data supporting the findings of this study are available from the corresponding
author upon reasonable request.

Code availability
The code supporting the plots within this paper are available from the corresponding
author upon reasonable request.

Received: 28 July 2020; Accepted: 20 November 2020;

References
1. Ramirez, A. P., Hayashi, A., Cava, R. J., Siddharthan, R. & Shastry, B. S. Zero-

point entropy in ‘spin ice’. Nature 399, 333–335 (1999).
2. Ali, M. et al. Exchange bias using a spin glass. Nat. Mater. 6, 70–75 (2007).
3. Castelnovo, C., Moessner, R. & Sondhi, S. L. Magnetic monopoles in spin ice.

Nature 451, 42–45 (2008).
4. Baibich, M. N. et al. Giant magnetoresistance of (001)Fe/(001)Cr magnetic

superlattices. Phys. Rev. Lett. 61, 2472 (1988).
5. Datta, S. & Das, B. Electronic analog of the electro-optic modulator. Appl.

Phys. Lett. 665, 665–667 (1990).
6. Žutić, I. & Fabian, J. & Das Sarma, S. Spintronics: fundamentals and

applications. Rev. Mod. Phys. 76, 323 (2004).
7. Mühlbauer, S. et al. Lattice in a chiral magnet. Science 323, 915–920 (2009).
8. Yu, X. Z. et al. Real-space observation of a two-dimensional skyrmion crystal.

Nature 465, 901–904 (2010).

9. Nagaosa, N. & Tokura, Y. Topological properties and dynamics of magnetic
skyrmions. Nat. Nanotechnol. 8, 899–911 (2013).

10. Fert, A., Reyren, N. & Cros, V. Magnetic skyrmions: advances in physics and
potential applications. Nat. Rev. Mater 2, 17031 (2017).

11. Bruno, P., Dugaev, V. K. & Taillefumier, M. Topological hall effect and berry
phase in magnetic nanostructures. Phys. Rev. Lett. 93, 096806 (2004).

12. Neubauer, A. et al. Topological hall effect in the a phase of MnSi. Phys. Rev.
Lett. 102, 186602 (2009).

13. Kanazawa, N. et al. Large topological hall effect in a short-period helimagnet
MnGe. Phys. Rev. Lett. 106, 156603 (2011).

14. Ozawa, R., Hayami, S. & Motome, Y. Zero-field skyrmions with a high
topological number in itinerant magnets. Phys. Rev. Lett. 118, 147205 (2017).

15. Skjamp, S. H., Marrows, C. H., Stamps, R. L. & Heyderman, L. J. Advances in
artificial spin ice. Nat. Rev. Phys 2, 13–28 (2020).

16. Appelbaum, I., Huang, B. & Monsma, D. J. Electronic measurement and
control of spin transport in silicon. Nature 447, 295–298 (2007).

17. Han, J. et al. Birefringence-like spin transport via linearly polarized
antiferromagnetic magnons. Nat. Nanotechnol. 15, 563–568 (2020).

18. Klitzing, K. V., Dorda, G. & Pepper, M. New method for high-accuracy
determination of the fine-structure constant based on quantized hall
resistance. Phys. Rev. Lett. 45, 494–497 (1980).

19. Aidelsburger, M. et al. Realization of the hofstadter hamiltonian with ultracold
atoms in optical lattices. Phys. Rev. Lett. 111, 185301 (2013).

20. Miyake, H., Siviloglou, G. A., Kennedy, C. J., Burton, W. C. & Ketterle, W.
Realizing the harper hamiltonian with laser-assisted tunneling in optical
lattices. Phys. Rev. Lett. 111, 185302 (2013).

21. Wang, Z., Chong, Y., Joannopoulos, J. D. & Soljačić, M. Observation of
unidirectional backscattering-immune topological electromagnetic states.
Nature 461, 772–775 (2009).

22. Rechtsman, M. C. et al. Photonic Floquet topological insulators. Nature 496,
196–200 (2013).

23. Jaksch, D. & Zoller, P. Creation of effective magnetic fields in optical lattices:
the Hofstadter butterfly for cold neutral atoms. N. J. Phys. 5, 56 (2003).

24. Fang, K., Yu, Z. & Fan, S. Realizing effective magnetic field for photons by
controlling the phase of dynamic modulation. Nat. Photonics 6, 782–787 (2012).

25. Westerberg, N. et al. Synthetic magnetism for photon fluids. Phys. Rev. A 94,
023805 (2016).

26. Lu, L., Joannopoulos, J. D. & Soljačić, M. Topological photonics. Nat.
Photonics 8, 821–829 (2014).

27. Bahari, B. et al. Nonreciprocal lasing in topological cavities of arbitrary
geometries. Science 358, 636–640 (2017).

28. Bandres, M. A. et al. Topological insulator laser: experiments. Science. 359,
eaar4005 (2018).

29. Tsesses, S. et al. Optical skyrmion lattice in evanescent electromagnetic fields.
Science 361, 993–996 (2018).

30. Du, L., Yang, A., Zayats, A. V. & Yuan, X. Deep-subwavelength features of
photonic skyrmions in a confined electromagnetic field with orbital angular
momentum. Nat. Phys. 15, 650–654 (2019).

31. Davis, T. J. et al. Ultrafast vector imaging of plasmonic skyrmion dynamics
with deep subwavelength resolution. Science 368, 386 (2020).

32. Suchowski, H., Oron, D., Arie, A. & Silberberg, Y. Geometrical representation
of sum frequency generation and adiabatic frequency conversion. Phys. Rev. A
78, 063821 (2008).

33. Karnieli, A. & Arie, A. Fully controllable adiabatic geometric phase in
nonlinear optics. Opt. Express 26, 4920 (2018).

34. Karnieli, A., Trajtenberg-Mills, S., Domenico, G. D. & Arie, A. Experimental
observation of the geometric phase in nonlinear frequency conversion. Optica
6, 1401–1405 (2019).

35. Liu, S. et al. Nonlinear wavefront shaping with optically induced three-
dimensional nonlinear photonic crystals. Nat. Commun. 10, 3208 (2019).

36. Imbrock, J., Wesemann, L., Kroesen, S., Ayoub, M. & Denz, C. Waveguide-
integrated three-dimensional quasi-phase-matching structures.Optica 7, 28 (2020).

37. Xu, T. et al. Three-dimensional nonlinear photonic crystal in ferroelectric
barium calcium titanate. Nat. Photonics 12, 591–595 (2018).

38. Wei, D. et al. Experimental demonstration of a three-dimensional lithium
niobate nonlinear photonic crystal. Nat. Photonics 12, 596–600 (2018).

39. Lee, S. L. et al. Evidence for flux-lattice melting and a dimensional crossover in
single-crystal Bi2.15Sr1.85CaCu2O8+δ from muon spin rotation studies.
Phys. Rev. Lett. 71, 3862 (1993).

40. Chumak, A. V., Vasyuchka, V. I., Serga, A. A. & Hillebrands, B. Magnon
spintronics. Nat. Phys. 11, 453–461 (2015).

41. Schwartz, T., Bartal, G., Fishman, S. & Segev, M. Transport and Anderson
localization in disordered two-dimensional photonic lattices. Nature 446,
52–55 (2007).

42. Aharonov, Y., Davidovich, L. & Zagury, N. Quantum random walks. Phys.
Rev. A 48, 1687 (1993).

43. Linder, J. & Robinson, J. W. A. Superconducting spintronics. Nat. Phys. 11,
307–315 (2015).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-21250-z

8 NATURE COMMUNICATIONS |         (2021) 12:1092 | https://doi.org/10.1038/s41467-021-21250-z | www.nature.com/naturecommunications

www.nature.com/naturecommunications


44. Ding, X. et al. Observation of rapid adiabatic passage in optical four-wave
mixing. Phys. Rev. Lett. 124, 153902 (2020).

45. Karnieli, A. & Arie, A. All-optical Stern-Gerlach effect. Phys. Rev. Lett. 120,
053901 (2018).

46. Karnieli, A. & Arie, A. Frequency domain Stern–Gerlach effect for photonic
qubits and qutrits. Optica 5, 1297 (2018).

47. Everschor-Sitte, K. & Sitte, M. Real-space Berry phases: skyrmion soccer
(invited). J. Appl. Phys 115, 172602 (2014).

48. Liu, J. P., Zhang, Z. & Zhao, G. Skyrmions: Topological Structures, Properties,
and Applications. (CRC Press, 2016).

49. Berry, M. V. In International Conference on Singular Optics (ed. Soskin, M. S.)
Vol. 3487, pp. 6–11 (SPIE, 1998).

50. Jungwirth, T., Marti, X., Wadley, P. & Wunderlich, J. Antiferromagnetic
spintronics. Nat. Nanotechnol. 11, 231–241 (2016).

51. Zhao, K. et al. Realization of the kagome spin ice state in a frustrated
intermetallic compound. Science 367, 1218–1223 (2020).

52. Kues, M. et al. Quantum optical microcombs. Nat. Photonics 13, 170–179
(2019).

53. Vocke, D. et al. Experimental characterization of nonlocal photon fluids.
Optica 2, 484 (2015).

54. Porat, G. & Arie, A. Efficient, broadband, and robust frequency conversion by
fully nonlinear adiabatic three-wave mixing. JOSA B 30, 1342 (2013).

55. Li, Y. et al. Adiabatic geometric phase in fully nonlinear three-wave mixing.
Phys. Rev. A 101, 033807 (2020).

56. Sankey, J. C. et al. Measurement of the spin-transfer-torque vector in magnetic
tunnel junctions. Nat. Phys. 4, 67–71 (2008).

57. Suchowski, H., Porat, G. & Arie, A. Adiabatic processes in frequency
conversion. Laser Photonics Rev. 8, 333–367 (2014).

58. Sinkin, O. V., Holzlöhner, R., Zweck, J. & Menyuk, C. R. Optimization of the
split-step Fourier method in modeling optical-fiber communications systems.
J. Light. Technol. 21, 61–68 (2003).

Acknowledgements
This work was supported by the Israel Science Foundation, grant no. 1415/17. A.K. and
S.T. acknowledge support by the Adams Fellowship Program of the Israel Academy of
Science and Humanities.

Author contributions
A.K. performed the numerical simulations and theoretical calculations. A.K., S.T., G.B.,
and A.A. conceived the project. All authors participated in analysing the results and
writing the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-21250-z.

Correspondence and requests for materials should be addressed to A.A.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-21250-z ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:1092 | https://doi.org/10.1038/s41467-021-21250-z | www.nature.com/naturecommunications 9

https://doi.org/10.1038/s41467-021-21250-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Emulating spin transport with nonlinear optics, from high-order skyrmions to the topological Hall effect
	Results
	Spin transport emulation through nonlinear optics
	The topological Hall effect for light beams
	Simulating the topological Hall effect from single skyrmions with light
	Domain walls engineering
	Active all-optical control over the topological Hall effect with light

	Discussion
	Methods
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




