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Circular Huygens dipoles: Unidirectional spin-angular momentum from achiral nanoparticles
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Simultaneous control over the directionality and spin of light at the nanoscale is a central goal in nanophotonics
with applications ranging from quantum information to advanced biosensing. We introduce the concept of the
Circular Huygens dipole and numerically demonstrate its realization in a single Si nanocuboid. We show that
the polarization of an incident linear wave controls the interference between colocated circular electric and
magnetic dipoles excited in phase quadrature. This enables deterministic switching of the forward-scattered
radiation between purely right- and left-circularly polarized states. The system also functions as a directional
spin-to-linear polarization converter. Our findings establish a robust, passive method for reconfigurable spin-
directional control in a simple, monolithic silicon nanostructure, opening avenues for chip-scale spin optics,

chiral quantum interfaces, and novel sensing platforms.
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I. INTRODUCTION

Controlling the fundamental properties of light—its mo-
mentum and spin—is a cornerstone of modern photonics
[1-3]. A primary goal is to master both simultaneously, en-
abling the routing of light along a chosen path with a specific
helicity. This interplay is central to emerging fields such as
chiral quantum optics [4,5] and topological photonics [6],
and is crucial for engineering photonic spin-orbit interactions
[7-9].

Achieving such control requires merging two key concepts.
The first is momentum control via unidirectional scattering,
epitomized by the Huygens dipole, where interfering electric
and magnetic multipoles cancel radiation in one direction
[10-13]. While this achieves directionality, its emission is
strictly linearly polarized (LP). The second key concept is
spin control, which originates from two fundamental source
types. A circular dipole is composed of two orthogonal linear
dipoles of the same nature oscillating in phase quadrature
(e.g., an electric dipole p, & ip,, or a magnetic dipole m, &
imy). Through spin-momentum locking [4,7], its evanescent
near fields can unidirectionally excite guided modes along a
material interface [14]. In the far field, however, the polariza-
tion of its radiation varies spatially from purely circular along
its normal axis to purely linear in its transverse plane [15,16].
This is fundamentally distinct from a chiral dipole, which con-
sists of parallel electric and magnetic moments oscillating in
phase quadrature (e.g., p, & im,). The chiral dipole represents
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the fundamental eigenmode of a structurally chiral particle.
While it radiates purely circularly polarized (CP) light across
its entire toroidal emission profile [17,18], it is incapable
of unidirectional emission. Thus, neither fundamental spin
source can achieve free-space directionality. Consequently,
momentum and spin control remain largely decoupled.

Existing strategies to bridge this gap often involve sig-
nificant complexity. Structurally chiral nanoparticles can link
spin and direction, but their response is fixed by their static ge-
ometry [19]. Geometrically simple nanoparticles can be used,
but they demand complex illumination schemes. For instance,
directional scattering has been achieved by driving a spin-
ning magnetic dipole alongside an orthogonal linear electric
dipole; however, this necessitates tightly focused vector vortex
beams combining radial polarization with azimuthal phase
vortices, and the resulting scattered light in the transverse
plane remains LP [20]. Similarly, generating well-defined
scattered helicity from simple lossy spheres requires precise
interferometric pumping using multiple dephased, counter-
propagating circularly polarized plane waves [21]. While CP
scattering can be generated from an achiral sphere using a
single LP plane wave, the emission is quadridirectional rather
than unidirectional and depends critically on the surrounding
medium [22].

A platform capable of overcoming these limitations to
generate purely unidirectional, single-helicity CP radiation
from a single achiral scatterer under simple plane-wave illu-
mination has remained elusive. In this work, we address this
void by demonstrating that the requisite phase and amplitude
transformations can be embedded directly into the structural
anisotropy of a monolithic silicon nanocuboid. Under normal
incidence from a single LP plane wave, the particle’s engi-
neered dimensions simultaneously coexcite a circular electric
dipole and a circular magnetic dipole in precise phase quadra-
ture. This realizes a Circular Huygens dipole, a fundamentally

Published by the American Physical Society


https://orcid.org/0000-0003-2580-4753
https://orcid.org/0000-0003-3088-6458
https://ror.org/04ptp8872
https://ror.org/02jx3x895
https://crossmark.crossref.org/dialog/?doi=10.1103/t16y-3mf9&domain=pdf&date_stamp=2026-09-11
https://doi.org/10.1103/t16y-3mf9
https://creativecommons.org/licenses/by/4.0/

ESMAEEL ZANGANEH AND ANTONIO LOMBARDO

PHYSICAL REVIEW B 114, 185415 (2026)

(b) (d)
4 4 4 =
my =m,-im,
N 0 N 0
4L 44— —l
4 4 4 4 T 4
4 4
Y X
®
g §
R
| -84 | =
-8 -8 -8 -8

-1

(LCP) (LP)

(RCP)

FIG. 1. Principle of the Circular Huygens dipole. 3D far-field radiation patterns for ideal point dipoles. Radius is proportional to intensity
(So) and color indicates the degree of circular polarization (S3/S). Stokes parameters are Sy = |Ey|> + |E¢|2 and §3 = 2Im(EyEj). Handedness
is defined from the source viewpoint, so that right circularly polarized (RCP) light corresponds to positive helicity, S3/Sy = +1, and left
circularly polarized (LCP) light to negative helicity. (a)—(d) Bidirectional radiation from fundamental right-handed (pjy, mjy) and left-handed

(P> myy) circular dipoles. (e)—(h) Their interference yields four unique unidirectional spin states: (e) Forward right circularly polarized (RCP)

from hjy =ph+ im, (f) Backward left circularly polarized (LCP) from n,~ = p; — imf,, (g) Forward LCP from /i, = p — im

xy?

Backward RCP from i, * = p;, + im.

new source that emits a single-helicity, purely CP wave
strictly forward along the optical axis. The emitted spin state
can be deterministically switched between pure right- and left-
circularly polarized states simply by rotating the polarization
of the incident wave.

II. PRINCIPLE OF THE CIRCULAR HUYGENS DIPOLE

The principle of the Circular Huygens dipole is built
from the interference of fundamental circular electric dipoles,
Py, = Px £ ipy, and magnetic dipoles, my, = m, + im,, as
illustrated in Fig. 1. We define forward and backward prop-
agation along the —z and 4z axes, respectively. As shown in
Figs. 1(a)-1(d), unlike a Huygens source, these elementary

J

A - and (h)

circular dipoles do not radiate unidirectionally. Their far-zone
electric fields are given by

E,: = Cp(r)e*(cos 00 + i), )
E,: = Cu(r)e™ (£if — cos6), 2)

where Ce(r)= k2p0(4n60r)_le_”" and Cy(r)=
k*Zomo(4mwr)~'e~*" contain the dipole moment magnitudes
(po, mp) and spatial dependence. These bidirectional fields
are a manifestation of spin-momentum locking and can
be decomposed into the sum of two oppositely directed,
oppositely polarized cardioid patterns. For the right-handed
(4) sources, this decomposition is (see Appendix A for full
derivation)

1, R P
E,; = Ce(r) Ee"”(l —cose)(—9+i¢)+§e'¢(1 +cos0)(0 +ip) |, 3)

Forward RCP cardioid

Backward LCP cardioid

E,; = Cu(r) —%eim —cos0)(—0 + i)+ éei“’(l +cos0)B + i) |. )

Forward RCP cardioid

Backward LCP cardioid

An analogous decomposition exists for the left-handed (—) sources, where they radiate a forward LCP cardioid and a backward

RCP cardioid.
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The key to unidirectional emission lies in the intrinsic,
handedness-dependent phase relationship between the far
fields radiated by the circular electric and magnetic dipoles.
For the right-handed (4) source, comparing the components
in Egs. (3) and (4) shows that the far field from the magnetic
dipole (E,,) lags that from the electric dipole (E,) by 90°
in the forward direction but leads by 90° in the backward
direction. For the left-handed (—) source, this behavior is
reversed: the field from the magnetic dipole leads forward
and lags backward. This inherent, direction-dependent phase
flip is the physical origin of the Huygens and anti-Huygens
conditions. By introducing an appropriate external quadrature
phase shift between the source moments, we can engineer
perfect constructive or destructive interference in a chosen
direction and handedness.

A. Huygens dipoles (forward emission)

By enforcing that the fields radiated by the electric and
magnetic dipoles have equal amplitudes (the impedance
matching condition, |pg| = |mp|/c), perfect interference can
be achieved, where Cg (r) = Cy(r) = Co(r). A Right-Handed
Circular Huygens dipole [h = pf +imf; Fig. 1(e)] is
formed when m leads p, by 90°. This external lead cancels
the intrinsic forward lag for constructive interference and adds
to the intrinsic backward lead for destructive interference,

yielding a purely forward-propagating RCP beam:
Eyp: = Co(r)e (1 — cos0)(—0 + ig). 6)
A Left-Handed Circular Huygens dipole [hy, = py, — im;

Fig. 1(g)], where m, lags p;, produces forward-propagating
LCP: V

E,- = —Co(r)e (1 —cos0)(B + id). (6)

Xy

B. Anti-Huygens dipoles (backward emission)

When a right-handed source p}, interferes with a lagging

Xy

mi (K~ = pjy — im;;; Fig. 1(f)], the interference pattern is
reversed, yielding a backward-propagating LCP beam:
Ej, - = Co(r)e? (1 + cos 0)(6 + i). (7)

Similarly, for a left-handed source with a leading magnetic
moment [h)’ﬂ,+ =Pyt im;y; Fig. 1(h)], the emission is back-
ward RCP:

Ey « = —Co(r)e (1 4 cos 0)(—0 + ih). (8)

These four unidirectional single-helicity fields [Egs. (5)-(8)
and Figs. 1(e)-1(h)] represent eigenvectors of the helicity
operator [23,24]. Full derivations for all ideal dipole fields are
provided in Appendix A.

III. RESULTS AND DISCUSSION

To numerically realize the Circular Huygens dipole, we
perform full-wave numerical simulations of the scattering
from a silicon nanocuboid [Fig. 2(a)] using the COMSOL
Multiphysics frequency domain solver. The particle (L, =
128, L, =94, L, = 440 nm) is modeled using the exper-
imental refractive index of crystalline silicon [25] and is
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FIG. 2. Realization of Circular Huygens dipoles in a Si
Nanocuboid. (a) Scattering geometry: Si nanocuboid (L, = 128,
L, = 94, L, = 440 nm) under LP illumination at angle ¢ . (b) Multi-
polar contributions to the scattering efficiency Qx.,, identical for @ =
7 /4 and 37 /4, show comparable contributions from p,, py, m,, m,
at 1o = 660 nm. (c) and (d) For a = 7 /4, phase differences of ~
+90° excite p{, and m, realizing a Right-Handed Circular Huygens
dipole (k) and producing forward RCP scattering. (e) and (f) For
o = 37 /4, phase differences flip to ~ —90°, exciting Py, and mg
and yielding forward LCP scattering.

illuminated by a normally incident LP plane wave prop-
agating along the —z direction. The spherical air domain
is terminated by perfectly matched layers. To visualize the
three-dimensional (3D) radiation patterns, the total far-field
intensity (Sp) is plotted as the surface radius and colored by
the normalized third Stokes parameter (S3/Sp). The resulting
internal near fields are then used to calculate the multipole
moments [26-29], as detailed in Appendix B.

Before analyzing the spectral response, it is vital to
establish the structural properties and the physical intu-
ition governing this configuration. Geometrically, the silicon
nanocuboid possesses three mutually orthogonal spatial mir-
ror symmetry planes (x = 0, y = 0, and z = 0). These mirror
symmetries strictly define the scatterer as an achiral object,
precluding any intrinsic optical activity or circular dichro-
ism. The generation of pure spin-angular momentum arises
dynamically from the interplay between the particle’s en-
gineered structural anisotropy (L. # L,) and the projected
linear excitation. When illuminated by a diagonal linear
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polarization (¢ = /4 or 3w /4), the incident field projects
equally onto the orthogonal fundamental axes. In a symmetric
cross section (L, = L,), the induced orthogonal dipoles would
share identical resonance wavelengths. However, breaking
this symmetry (L, # L,) imposes distinct localized boundary
conditions along the x and y axes, spectrally splitting their fun-
damental resonance profiles. By simultaneously optimizing
the lengths (L., L,, L;) relative to the target operational wave-
length (Ao = 660 nm), the fundamental Cartesian resonance
profiles are spectrally separated just enough to exploit their
phase dispersions. At A under diagonal excitation (o« = 7 /4),
this geometric detuning induces a precise +90° phase shift be-
tween the orthogonal electric dipole components (p, and p,)
and a simultaneous +90° shift between the magnetic dipole
components (m, and m,), dynamically synthesizing colocated
right-handed circular dipoles. Crucially, because the struc-
tural anisotropy imposes a fixed phase difference between the
orthogonal physical axes, rotating the incident linear polar-
ization by 90° (to o = 37 /4) perfectly flips the sign of the
incident field projection along one of these axes. This inverts
the total relative phase delay from +90° to —90°, flipping both
the electric and magnetic dipoles to a left-handed state and
seamlessly switching the forward emission from right- to left-
circularly polarized. The spin state of the emitted radiation is
therefore not a static intrinsic property of the structure, but a
dynamically synthesized state controlled deterministically by
the polarization of the incident linear plane wave.

Figure 2(b) shows the multipolar contributions to the scat-
tering efficiency Qs.a, Which are identical for both diagonal
polarizations (¢« = w /4, 3w /4). The spectrum reveals an op-
timal wavelength of Ay = 660 nm, where the four required
Cartesian dipole moments (py, py, m,, m,) make comparable
contributions.

For an incident polarization o = 7 /4, the nanoparticle’s
anisotropic response induces the key phase relationships
shown in Fig. 2(c). Specifically, the electric dipole com-
ponent p, leads p, by ~ +90°, creating a right-handed
circular electric dipole (p;“y = px +ipy). Likewise, m, leads
my, by ~ 490°, forming a colocated right-handed circular
magnetic dipole (mx*y = my + imy). Critically, the magnetic
dipole simultaneously leads the electric dipole by & +90°
[e.g., arg(m,p}) ~ +90°]. This fulfills the precise interfer-
ometric requirement for a Right-Handed Circular Huygens
dipole (i, = pf, +im)). The resulting constructive inter-
ference produces the forward (—2z) RCP radiation shown in
Fig. 2(d), which matches the ideal model in Fig. 1(e).

Conversely, for the orthogonal polarization o = 37 /4, all
relative phases flip to & —90°, as depicted in Fig. 2(e). This
sign reversal means the electric dipole component p, now
lags py, creating a left-handed circular electric dipole (py, =
DPx — ipy), while m, lags m,, forming a colocated left-handed
circular magnetic dipole (my, = m — imy). Critically, the
magnetic dipole itself now lags the electric dipole, perfectly
satisfying the interferometric requirement for a Left-Handed
Circular Huygens dipole (i, = p,, — im,,). This produces
the forward-propagating LCP radiation shown in Fig. 2(f),
which corresponds to the ideal case in Fig. 1(g).

The physical origin of these circular dipoles is evident
in the internal near fields. Figure 3 shows that for o =
7 /4, both the electric and magnetic fields are driven into a
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FIG. 3. Near-Field Origin of Circular Huygens dipoles. E- and
H-field distributions in the central xy plane at Ao = 660 nm. The
overlaid translucent arrows indicate the instantaneous direction of
the net macroscopic dipole moment. [(a) and (b)] For « = 7 /4, fields
corotate clockwise, exciting pu and m+ The magnetic field leads the
electric field by ~ 90°, realizing hu = va + im;rv. [(c) and (d)] For
a = 3m /4, fields corotate counterclockwise, exciting p. and m.,.
The magnetic field lags the electric field by & 90°, realizing h_, =
Py, — im,,. These near fields directly show how incident polarization
controls dlpole handedness and interferometric phase.

strong clockwise rotation [Figs. 3(a) and 3(b)], generating the
right-handed dipoles (See Supplemental Material [30] for a
time-harmonic animation of this near-field rotation under lin-
ear excitation). The magnetic field rotation leads the electric
field by ~ 4-90°, directly confirming the realization of hjy
For @ = 37 /4, the fields corotate counterclockwise [Figs. 3(c)
and 3(d)], creating left-handed circular dipoles where the
magnetic field lags, fulfilling the condition for A,

The nanocuboid also exhibits a complementary wave-
transforming capability (Fig. 4). When the excitation is
switched to a normally incident CP plane wave, the multipolar
contributions to Qs are identical to those for LP excitation
[Fig. 4(b)]. For incident RCP light, the phase analysis in
Fig. 4(c) reveals a remarkable transformation: the relation
arg(p,py) ~ +180° indicates an overall electric dipole oscil-
lating linearly along the y = —x diagonal, while arg(m,m) ~
0° indicates a magnetic dipole oscillating linearly along the
orthogonal y = x diagonal.

This mechanism is confirmed by the internal near fields,
shown in Fig. 5 (and the corresponding time-harmonic an-
imations provided in the Supplemental Material [30]). For
incident RCP light [Figs. 5(a) and 5(b)], the internal electric
field oscillates linearly along the y = —x diagonal, while the
magnetic field oscillates along the orthogonal y = x diagonal.
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FIG. 4. Directional Linear Scattering from Circular Excitation.
(a) A Si nanocuboid under normally incident CP illumination.
(b) The multipolar contributions to Q. are identical to those for
linear excitation [Fig. 2(b)]. (c) and (d) For RCP input, phased
orthogonal electric and magnetic dipoles are excited that satisfy the
linear Huygens condition, producing forward (—z) LP radiation. (e)
and (f) LCP input excites a complementary set of dipoles, again
yielding directional linear scattering.

This confirms the creation of the two orthogonal linear dipoles
identified in the multipole analysis. For incident LCP light
[Figs. 5(c) and 5(d)], the oscillation axes are swapped, cre-
ating a linear electric dipole along the y = x axis and a linear
magnetic dipole along the y = —x axis [Fig. 4(e)].

In both CP-incidence cases, the relative phasing between
these two excited orthogonal linear dipoles satisfies the con-
ventional linear Huygens condition, resulting in unidirectional
forward scattering [Figs. 4(d) and 4(f)] that is purely LP
(83/So =~ 0). The nanocuboid thus functions as a directional
circular-to-linear polarization converter, transforming inci-
dent spin into an LP momentum state.

Spectral bandwidth, symmetry requirements,
and structural robustness

To rigorously validate the operational stability of the
Circular Huygens dipole mechanism and address potential
constraints stemming from realistic experimental conditions,
we first evaluate its spectral bandwidth. Figures 6(a) and
6(b) illustrate the wavelength-dependent performance for
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FIG. 5. Near-Field Visualization of Circular-to-Linear Polariza-
tion Conversion. Internal E- and H-field distributions in the central
xy plane of the nanocuboid at Ay = 660 nm for CP incidence. The
overlaid translucent arrows indicate the instantaneous direction of
the net macroscopic dipole moment, clearly highlighting the linear
oscillation axes. [(a) and (b)] For incident RCP light, the E field
and H field exhibit linear oscillations along the orthogonal diagonals
y = —x and y = x, respectively. [(c) and (d)] For incident LCP light,
the oscillation axes are swapped.

our optimized target geometry (L, = 128 nm, L, = 94 nm,
L, = 440 nm) under fixed diagonal linear illumination (o =
m/4). As shown in Fig. 6(a), while the circular polariza-
tion purity reaches near unity at the exact target design
wavelength (|S3/So] — 1 at 660 nm), this precise quadrature
phase matching is not an isolated spectral singularity. Instead,
the device maintains a broad, high-performance operational
bandwidth—highlighted by the gray shaded region—where
high scattering efficiency (Qs., > 20) and high circular po-
larization purity (|S3/So| > 0.8) simultaneously overlap. The
stability of this spectral window is further confirmed by
the spectral far-field sequence in Fig. 6(b). This timeline
demonstrates that the radiation pattern remains strongly
forward-directed across the spectrum. Furthermore, it main-
tains a nearly pure RCP state over a wide bandwidth (640,
660, and 680 nm), which covers almost the entire high-
performance gray shaded region.

Expanding beyond the single-geometry case to address
fabrication robustness, we systematically evaluate the struc-
tural parameter space. We performed a full-wave two-
dimensional (2D) parametric sweep of the orthogonal cross-
sectional dimensions L, and L,, varying both from 80 to
140 nm in discrete steps. For every geometric configuration
in this sweep, the nanocuboid was illuminated by a normally
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FIG. 6. Spectral bandwidth and structural robustness of the Circular Huygens dipole. (a) Wavelength-dependent scattering efficiency (Qsca,
dashed red curve) and forward circular polarization purity (S3/Sy, solid blue curve) for the optimized Si nanocuboid under diagonal linear
excitation (« = 7 /4). The gray shaded region defines the high-performance operational window (Qy., > 20 and S3/S; > 0.8). (b) Spectral
evolution of the 3D far-field radiation patterns from A = 600 to 720 nm, color-coded by the local S3/S, distribution. The solid black arrows
indicate the broad spectral band where the forward-directed RCP cardioid is maintained. (c) and (d) 2D parametric mappings of (c) polarization
purity and (d) scattering efficiency as functions of the orthogonal cross-sectional dimensions L, and L,. The dotted green lines mark AL =

14 nm and AL = 54 nm, where AL = L, —

incident linearly polarized plane wave fixed at the same di-
agonal orientation (o = 7 /4). Because altering the physical
dimensions naturally shifts the spectral position of the funda-
mental resonances, we did not restrict this 2D map to a single
static wavelength. Instead, for each (L., L,) configuration, we
spectrally tracked the phase-matching condition and extracted
the far-field scattering parameters at its respective optimal
operational wavelength. Figures 6(c) and 6(d) illustrate the
resulting computed 2D landscapes of the forward polar-
ization purity (S3/Sp) and total scattering efficiency (Qsca),
respectively.

Along the pure degenerate diagonal where L, = L, [visible
as the central white zero-purity band in Fig. 6(c)], the in-
plane structural isotropy of the nanocuboid remains unbroken.
This spatial degeneracy forces the orthogonal dipole compo-
nents to share identical spectral phase responses, precluding
the quadrature phase delay (£90°) required to synthesize
spin. Consequently, the scattered field is restricted to a lin-
ear state (S3/So =0). Moving away from this degenerate
white band by introducing an intentional structural anisotropy
(L # Ly) breaks the spatial degeneracy, effectively splitting
the fundamental orthogonal eigenmodes and unlocking the
high-purity circular polarization domains (deep red and blue

L,; the maps are evaluated at each geometry’s optimized wavelength.

regions where |S3/S9| — 1). Crucially, the antisymmetric dis-
tribution of these domains visually dictates the symmetry
requirements of the device. Orienting the structural anisotropy
such that L, > L, yields pure right-handed emission (red re-
gion). Conversely, the inverse anisotropic orientation (L, <
L,)—which is physically equivalent to a 90° rotation of
the achiral particle under fixed linear illumination—perfectly
inverts the relative phase delay, yielding pure left-handed
emission (blue region). This confirms that the scatterer
is fundamentally achiral, granting deterministic access to
both orthogonal spin states simply by selecting the axis
of anisotropy.

The dotted green lines in Figs. 6(c) and 6(d) mark AL =
14 nm and AL = 54 nm, where AL = L, — L,. This is an in-
terval of 20 nm about the target value AL = 34 nm. Because
each map point is evaluated at its own optimized wavelength,
this interval illustrates variation in anisotropy after spectral
retuning; it does not imply independent 20 nm tolerances in
L, and L, at a fixed wavelength.

To benchmark the performance of the Circular Huy-
gens dipole against existing mechanisms, one must consider
the trade-off between excitation complexity and the emitted
spin-momentum state. For instance, scattering from high-
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index spheres illuminated by complex focused vector vortex
beams [20] can achieve highly tunable directional scatter-
ing, but the scattered field remains strictly linearly polarized
(83/8p =~ 0). Alternatively, achieving pure directional helicity
(1S3/So] — 1) from simple lossy spheres has been demon-
strated, but this requires the precise interferometric alignment
and tuning of multiple counterpropagating, dephased circu-
larly polarized plane waves [21]. In contrast, our nanocuboid
achieves an exceptional quantitative intersection of these
properties—simultaneous high scattering efficiency (Qgca >
20), perfect circular polarization purity (|S3/So| — 1 at X9 =
660 nm), and strongly forward-directed emission with a
Forward-to-Backward Ratio exceeding 10 (>10 dB)—using
only a single linearly polarized plane wave. This represents
a significant reduction in optical complexity for generating
efficient, free-space directional spin.

IV. CONCLUSION

In conclusion, we have introduced the concept of the Circu-
lar Huygens dipole and demonstrated its numerical realization
in a single Si nanocuboid. We have shown that the helicity
of the forward-scattered radiation can be deterministically
switched by rotating the incident wave polarization. Further-
more, we demonstrated the system’s dual functionality as a
directional spin-to-linear polarization converter. This work
provides a clear blueprint for achieving robust spin-directional
control with simple, high-index dielectric nanostructures,
paving the way for ultracompact, reconfigurable components
for spin optics, integrated quantum circuits, and advanced
metasurfaces.
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APPENDIX A: THEORETICAL FRAMEWORK
OF IDEAL DIPOLES

This Appendix provides a pedagogical walkthrough of the
analytical derivations for the far-field radiation patterns of the
ideal dipole sources, starting from fundamental principles.

1. Fundamental equations and cartesian basis

We begin with the standard expressions for the far-zone
electric field (E) from time-harmonic (e™®") point dipoles at
the origin [31]:

k2 e*ikr
E,= (fi x p) x 1, (A1)
drey
kZZO e—ikr .
E,=—— (fi x m), (A2)
4

where k = w/c is the wave number in the surrounding air, ¢
is the speed of light in vacuum, ¢ is the permittivity of free

space, Zy is the impedance of free space, r is the distance to
the observation point, and fi = r/r is the unit vector in the
direction of observation. For clarity, we define the electric and
magnetic field prefactors for dipoles with moment magnitudes
po and my:

kZ —ikr kZZ —ikr
Po ¢ and Cy(r) = oMo ¢

C =
£(r) dwey r 4

(A3)

The fields for linear dipoles along the x and y axes are then
written as

E,. = Ce(r)(cosd cos ¢pf — sin ¢), (A4)
E,, = Cx(r)(cos 8 sin¢d + cos ), (A5)
E, = —Cy(r)(sin ¢ + cos 6 cos ), (A6)
E,y = Cy(r)(cos pf — cos b sin ). (A7)

These fundamental dipoles radiate with a toroidal intensity
pattern and are LP, as shown in Figs. 7(a)-7(d).

2. Standard far fields of circular dipoles

The circular dipoles discussed in the main text are defined
as superpositions of the linear dipoles from above. The de-
tailed derivations of their far fields are as follows.

a. Right-handed electric dipole ( pjy )
Defined as p}, = p. + ipy, its radiated field is

E,; =E, +iE,
= Cg(r)[(cos b cosph — sin ¢p)
+i(cos @ sin¢h + cos pP)]
= Cg(r)[(cosf cos¢ + i cosf sin ¢)9
+ (—sin¢ + i cos ¢)@]
= Cg(r)[cos0e® O + ie® )

= Cg(r)e(cos 00 + id). (A8)

b. Left-handed electric dipole (p;,)
Defined as p;, = px — ipy, its radiated field is

E, =E, —iE
= Cg(r)[(cos b cosph — sin )
— i(cos@ sin d)@ + cos ¢q§)]
= Cp(r)[(cos & cos¢ — icos @ sin¢)d
+ (—sing —i cos$)¢]
= Cg(r)[cosOe™ 0 — ie ]

= Ce(r)e ®(cos 00 — id).

Py

(A9)
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FIG. 7. Alternative Pathways to Directional Spin Emission and Basis Equivalence. (a)—(d) Radiation patterns of fundamental linear electric
(p«, py) and magnetic (m,, m,) dipoles. (e)—(h) Unidirectional, LP radiation from linear Huygens [forward, (e) and (f)] and Anti-Huygens
[backward, (g) and (h)] dipoles. (i)—(1) Radiation from chiral dipoles (o=, avi), which produce CP toroidal patterns. (m)—(p) Synthesis of the
four unidirectional, CP sources from Fig. 1 of the main text, demonstrating that each can be constructed from a superposition of linear Huygens

or chiral dipoles.

¢. Right-handed magnetic dipole (i m;; )

Defined as m;g = m, + im,, its radiated field is
E,; =E, +iE,,

= Cy(r)[—(sin ¢9 + cosé cos ¢q§)
+ i (cos b — cos 6 sin pp)]

= Cy(r)[(—sing + i cos¢)d
+ (—cosB cosp — icosB sing)P]

= Cy(r)[ie'?d — cosBe'?P]

= Cy(r)e? (ib — cos ).

d. Left-handed magnetic dipole (m,)

Defined as m__

xy:mx_

imy, its radiated field is

E,  =E, —iE,,
= Cy(r)[—(sin ¢d + cos 6 cos )

— i (cos ph — cos O sin pp)]
= Cy(r)[(—sing — i cos ¢)d

+ (—cos@ cosp + i cosf sin )]
= Cy(r)[—ie 0 — cosBe ]

(A10) = Cy(r)e ®(—if — cos 6).
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These derivations yield the standard, bidirectional far-field ex-
pressions for right- (+) and left- (—) handed circular dipoles,
shown in Figs. 1(a)-1(d) of the main text:

E,: = Cp(r)e™™ (cos 00 + i), (A12)

E,i = Cy(r)e™™ (£if — cos 6). (A13)

3. Decomposition of circular dipole far fields
into unidirectional cardioids

As stated in the main text, the bidirectional fields of
elementary circular dipoles are a manifestation of spin-
momentum locking. They can be decomposed into a sum
of two oppositely directed, oppositely polarized cardioid
patterns. The angular part of any CP field can be written as a
superposition of a forward-propagating cardioid with angular
dependence (1 — cos 8) and a backward-propagating cardioid
with angular dependence (1 + cos8).

a. Right-handed (+) sources

A right-handed source radiates RCP forward and LCP
backward. The decomposition is as follows:

E,: =Cg(r)e(cos 00 + i)

= CE(r)G)e"P(l —cos0)(—0 + ip)

Forward RCP cardioid
+ cE(r)G)eid’(l + cos0)(@ + i), (Al14)
Backward LCP cardioid
E,.; = Cu(r)e (if — cos60¢)
= CM(r)(—é>ei¢(1 —cos0)(—0 + ip)
Forward RCP cardioid
+ CM(r)<é>ei¢(l +cos0)(O + ip). (A15)

Backward LCP cardioid

b. Left-handed (—) sources

A left-handed source radiates LCP forward and RCP
backward. Following the same procedure, we find their de-
compositions:

E, = Ce(r)e " (cos 00 — i)

= CE(r)<—%)ei¢(1 —cos0)(0 + i)

Forward LCP cardioid

+CE(r)< 1>e—i¢(1+cose)(—9+i¢§), (A16)

2

Backward RCP cardioid

E, = Cu(r)e (=6 — cos6¢)

= cmm(-é)e—@(l —cos0)(0 + i)

Forward LCP cardioid

+ CM(r)<%)e_i¢(l +cos0)(—0 +id). (A17)

Backward RCP cardioid

These derivations provide the mathematical proof for the
handedness-dependent phase relationships. By taking the ratio
of the magnetic and electric prefactors, we find the following:

(1) For right-handed (+) sources, the electric far field
from the magnetic dipole (E,,) lags that from the electric
dipole (E,) by 90° in the forward direction (phase ratio of
—i) but leads by 90° in the backward direction (phase ratio
of +i).

(2) For left-handed (—) sources, this behavior is reversed:
the electric far field from the magnetic dipole (E,,) leads that
from the electric dipole (E,) by 90° in the forward direction
(phase ratio of +i) but lags by 90° in the backward direction
(phase ratio of —i).

4. Advanced dipole constructions

To construct more complex radiation patterns, we enforce

the impedance matching condition |pg| = |mp|/c. This makes

the field amplitudes equal, i.e., Cg(r) = Cy(r), since Zyc =
2, ke

1/€o. We denote this common prefactor as Cy(r) = L—‘”;{‘] %

a. Linear Huygens and anti-Huygens dipoles

Unidirectional, LP radiation is achieved by interfering or-
thogonal linear dipoles.

E; =E, — E,; = Co(r)(cos 6 — 1)(cos 0 + sin ¢),
(A18)
Ej;, =E,, +E,; = Cy(r)(cos§ — 1)(sin ¢pd — cos p¢),

(A19)

Eh; = pr + Emy = CO(r)(l + cos 9)(008 (f)é — sin ¢¢§),
(A20)

Eyy =E,, — E,r = Co(r)(1 4 cos 0)(sin ¢6 + cos pp).

(A21)

These sources produce unidirectional forward (A, h,) and
backward (%, h;) radiation with linear polarization, as shown
in Figs. 7(e)-7(h).

b. Chiral dipoles

These sources, formed by parallel electric and magnetic
dipoles (6 = p, &+ im,), emit CP light in a toroidal pattern.

E,+ = E,; iE,,; = Cy(r)[(cos 6 cos¢ Fi sing)d
— (sin¢ £ icos 6 cos ¢)], (A22)
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5. Circular Huygens and anti-Huygens dipoles

Eor = Epy £ iEyy = Co(r)[(cos 6 sin¢ £ i cos ¢)0 To create unidirectional CP sources, we interfere the

1 (cos¢ T i cosb sind)d]. (A23) ci.rf:ular dipoles, again enfor'cing the impedance matching con-

dition (|po| = |mg|/c), which sets Cg(r) = Cy(r) = Co(r).

This method starts with the decomposed forms of the circular

electric and magnetic dipole fields and shows how the exter-

These sources produce toroidal radiation patterns with pure nal phase shift (i) leads to constructive interference in one
circular polarization, as shown in Figs. 7(1)-7(1). direction and destructive interference in the other.

J

a. Right-handed circular Huygens dipole (h}, = p} +im})
The source field is defined by the superposition Ey: = E,+ + iE,; . Using the decomposed fields,

1. PR PO
Ey =Ey; +iE,; = Co(r)|:§e’¢(1 —cosO)(—0 +ip) + Ee’¢(1 + cos0)(6 + i¢)]
+ iCo(r)[—%eiq’(l —cos0)(—0 +id) + %eid’(l +cos )0 + iqg)}
1, 1. PO
= Co(r)|:§e’¢(1 —cosf) + Ee"z’(l — cos@)](—@ + i)
1, 1. PO
+ Co(r)|:§e’¢(l +cosf) — ze'm + cose)](e +id)

= Co(r)e®(1 — cos0)(—0 + id). (A24)

b. Left-handed circular anti-Huygens dipole (h,,~ = p} —im)

The source field is Eh;vf =E vy~ iEm;.
. 1. S A
Ey - =Ep —iE = Co(r)|:§e’¢(1 —cosO)(—0 +ip) + Ee’¢(1 + cos0)(6 + l¢)]
— iCo(r)[—%ei"’(l —cos6)(—0 + ip) + %e"m +cos0)( + i$)j|
1, 1, .
= Co(r)| 5 (1 = cos0) — ¢ (1 — cos0) | (=0 + i)
1 s L s N

+ Co(r) 3¢ (14cosO)+ 3¢ (14cos0)|(0 +ip)

= Cy(r)e®(1 4 cos 0)(0 + id). (A25)

c. Left-handed circular Huygens dipole (h;, = p;, —im;)

The source field is E;. = E,- —iE,,_. We now use the decomposed forms for the left-handed dipoles.
. 1 PSS W A
E. =E, —iE,_ = Co(r)|:—§e 91 —cos0)O + id) — 3¢ 9 (1 + cos0)(—0 + up)]
_ iCO(r)[—%e_i¢(1 —cos0)@ + i) + %e_i¢(1 +cos0)(— + ié)]
1, 1 P
= Cy(r) —5¢ 91 —cosb) — 3¢ 91 —cosO) |6 +ip)
1 1. N
+ Co(r)|:—§e @1 +cosh) + 3¢ 91+ cose)](—e + i)

= —Cy(r)e (1 — cos0)(0 + id). (A26)
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d. Right-handed circular anti-Huygens dipole (h,* = p,, +im;)

The source field is Ey; + = E,_ + iE,,_.

1 . ” ~ 1 . ~ ~
E, + =E, +iE, = Co(r)|:—§e""’(1 —cos0)(O + i) — Ee”"’(l 4+ cos9)(—60 + i¢)]

+ iCo(r)[—ée_i¢(1 —cos0) (@ + ip) + %e‘iq’(l +cos0)(—0 + iqS)]

= Co(r)[—%ei‘i’(l —cosf) + %e*f‘f’(l — cose)](é +id)

+ Co(r)[—%e_id’(l +cosf) — %e—m’(l + cose)] (=6 +id)

= —Co(r)e (1 + cos 0)(—0 + i).

(A27)

These sources produce forward RCP (h;ry), backward LCP (h;cy’), forward LCP (h;y)’ and backward RCP (h;chr) radiation,

respectively, as shown in Figs. 1(e)—1(h) of the main text.

6. Unifying framework: The equivalence of dipole bases

A key insight, illustrated in Figs. 7(m)-7(p), is that any
radiation pattern within the transverse dipole subspace con-
sidered here, including the four unidirectional spin states
central to our work, is ultimately generated by a single,
unique combination of the four fundamental linear dipoles
(Px, Py, My, my). The different “pictures”—interfering circular
dipoles, interfering linear Huygens dipoles, or interfering chi-
ral dipoles—are not physically distinct phenomena. They are
merely different, but equally valid, mathematical groupings of
the same four fundamental sources. This provides a powerful,
unifying framework for understanding complex emitters.

We demonstrate this explicitly for the Forward RCP state
(hjy). The required combination of linear moments is p, +
ipy + im, — m,. This single physical source can be interpreted
in three ways:

(1) Circular basis viewpoint: (py + ip,) + i(m, + im,)
— p;fv + tm;

This is the intuitive picture used in the main text, where
a right-handed electric dipole interferes with a phase-leading
right-handed magnetic dipole.

(2) Linear Huygens basis viewpoint: (p, — m,) + i(py +
my) — hy +ih,.

This shows that the exact same radiation pattern can be
understood as the interference of two orthogonal, forward-
propagating linear Huygens dipoles that are driven 90° out
of phase.

(3) Chiral Basis Viewpoint: (p, + im,) + i(py + im,) —
ot +iot.

This reveals a third perspective: the interference of two
orthogonal chiral dipoles driven in quadrature.

This equivalence, which holds for all four unidirectional
spin states, is profound. It demonstrates that the concepts
of circular, chiral, and Huygens dipoles are not mutually
exclusive but are deeply interconnected facets of the same
underlying physics. The Circular Huygens dipole is not just
a new type of source, but a concept that unifies these differ-
ent pictures to achieve a novel functionality: the directional
emission of spin-angular momentum.

(

APPENDIX B: MULTIPOLE
DECOMPOSITION FORMULAS

The induced electric current density, J(r), is determined
from the simulated internal electric field E(r) via the relation
J = +iweg(e, — 1)E [26], where €, is the relative permittivity
of silicon. To accurately determine the multipole moments
excited in the nanocuboid from this current, we employ
the Cartesian expressions derived by Alaee er al. [32]. The
complete expressions for the Cartesian components (o, 8 €
{x,y, z}) are provided below. Here, k is the wave number and
Jjn(kr) are spherical Bessel functions.

Electric dipole:

1 : k> j2(kr)
Pu= - / d3r{fajo(kr> + 53 Dra — rZJa]’fkr)z }
B1)
Magnetic dipole:
1 (k
iy = %/d3r(rxJ)ah( r (B2)
Electric quadrupole:
3 Ji(kr)
Cs =1 | d’r[3(rgdy + rodg) —2(r - 1),
0, lw{/ 30pda + rudp) = 200 Dl

+ 2k? f dPr(5rarg(r - J) — (rodg + rpJo)r?

3 (k
P s DD } (83)
Magnetic quadrupole:
m 2(kr)
Oug =15/d3r{ra(r x g + rp(r x J)a}%- (B4)

Scattering efficiency

The spectral plots in Figs. 2(b) and 4(b) show the magni-
tude of the scattering efficiency contribution from each indi-
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vidual Cartesian multipole moment. The scattering efficiency
is defined as the scattering cross section, Cy.,, normalized
by the geometrical cross section of the nanoparticle, Ageom =
L,L,. The contribution of each multipole component to the to-
tal scattering efficiency is given by the following expressions,
where |Ej,.| is the amplitude of the incident electric field:

4
2
ca = — = 5. |Pal » B5
Osca(Pa) 6ne§|EmC|2Ageom|p| (B5)
k4
Osca(mmg) = |mg |2, (B6)

6 chz |Einc |2Ageom

k6
B 7207 6% |Einc |2Ageom

0ual(Qy) = ul 2l ®®
sca\*Zup 72077 egcz |Einc |2Ageom “

2

Osca (Q;;})

|0 (B7)

Within the retained dipole and quadrupole expansion, the
scattering efficiency is the sum of the individual contributions
in Egs. (B5)—(B8); it approximates the total scattering
efficiency when higher-order multipoles are negligible.
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