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Abstract: We show that a circularly polarized electric
dipole harbors a near-field concentrated wave which orbits
around with an energy flux significantly larger (five orders
of magnitudes at ~1 nm radial distance) than far-field radi-
ation. This near-field wave is found to carry transverse
spins and reveal skyrmion spin texture (Néel-type). By
performing electromagnetic analysis and numerical sim-
ulation, we demonstrate chiral extraction of a near-field
rotational energy flux: the confined energy flow is out-
coupled to surface plasmons on metal surface, whose cur-
vature is designed to provide orbital angular momentum
matched to spin angular momentum of dipole field, that is,
to facilitate spin—orbit interaction. Strong coupling occurs
with high chiral selectivity (~113) and Purcell enhancement
(~17) when both linear and angular momenta are matched
between dipole field and surface plasmons. Existence of
a high-intensity energy flux in the deep-bottom near-field
region (r ~ 1 nm) opens up an interesting avenue in altering
fundamental properties of dipole emission. For example,
extracting ~1% of this flux would result in enhancing spon-
taneous emission rate by ~1000 times.

Keywords: chiral coupling; dipole near-field wave; plas-
monic waveguides.

1 Introduction

Emission from an oscillating dipole is an elemental form
of electromagnetic (EM) radiation and has been extensively
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studied since the dawn of quantum theory. Unlike the well-
established far-field regime, it is relatively recent that the
near-field regime started revealing a variety of novel phe-
nomena and has drawn increasing attention [1-7]. Near-
field experiments commonly involve a dense object as a
probe, which is brought into close proximity of a dipole to
enable extraction of an otherwise-nonradiating energy flux
[8]. Here a dense object normally refers to metal or dielectric
particles of nano- to micro-scale and serves as an antenna
that reradiates incident light into characteristic directions.
As such, the resolution of this technique is governed hy
probe dimensions, and its practical limits are typically of
10 nm order or larger. Moreover, the measurement output
is basically a convolution of a probe response function and
an original input signal. In other words, the overall result
depends on details of sub-processes, such as how input
field couples to probe field and how they radiate away into
far-field.

Here we note the following outstanding issues: the
nature of emitter-to-probe coupling widely varies depend-
ing on details (material, structure, geometry, configu-
ration, etc.); and the underlying mechanisms are not
clearly established yet, although major advancements have
recently been made in understanding the subject phenom-
ena [9-13]. Given the current state of our knowledge base
of this field, it is highly desired to elucidate governing prin-
ciples at a fundamental level such that they can explain
a variety of different-looking experimental observations
in a unified framework and even can predict ultimate
performances.

In this work we address these issues by investigat-
ing the deep-near-field regime (e.g., <<10-nm distance
from a dipole emitter operating at optical frequency)
and by exploring the governing mechanisms of out-
coupling of dipole field to surface plasmons. Specifically, we
directly calculate dipole fields in all regimes referring to
explicit analytical expressions, which list multiple terms
of different orders in distance dependence and there-
fore readily distinguish near-field evanescent waves from
a far-field radiating one. In an alternative approach,
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dipole fields could also be analyzed by employing angular
spectrum analysis, in which fields are transformed into
wave-vector space and then classified into evanescent or
far-field-propagating waves [8]. Compared to this transform
method, our approach offers an advantage that we can
directly map out all important field variables on a physical
(space-time) domain.

We focus on analyzing energy flow (Poynting vector)
and spin angular momentum (SAM) distributions, both cal-
culated from electric and magnetic fields discussed above.
Being governed by a conservation principle, SAM vector S
plays an important role in analyzing dynamical evolution
of EM phenomena. Poynting vector P relates to momentum
density vector P/c?, where c is the speed of light, and to
wavevector k; and both vectors abide by conservation prin-
ciples. In evanescent waves carrying transverse spins, the
relationship between transverse SAM and Poynting vectors
is known to resemble the duality of electric and magnetic
fields [13]: for example, the curl operation of P results in S,
vice versa, similar to the curl relations of E- and H-fields
in Maxwell’s equations. This suggests the boundary con-
ditions for § and P would be similar to those for E- and
H-fields, except that the tangential and normal boundary
conditions for P and S will swap their expressions because
of their cross-product relationship in terms of field vectors
(E and/or H). Overall, the tangential components of spin
angular momentum (S) and linear momentum (k) are
expected to satisfy conservation requirements, which usu-
ally manifest in different forms such as continuity or phase-
matching condition at an interface.

Based on the classical electromagnetic analysis out-
lined above, we discovered the followings: existence of a
near-field energy flow circling around in the azimuthal
direction; this rotational energy flux rapidly grows propor-
tional to the inverse cube of distance r; at r = 1 nm, for
example, it becomes five orders of magnitudes greater than
far-field radiation; the near-field wave carries transverse
spins with skyrmion-like spin texture [14-18]; the spin vec-
tor orients upward at the north pole, flips down at equato-
rial region and then flips up again around the south pole.
We also designed a plasmonic coupler structure [19-28]
that demonstrates chiral extraction of near-field rotational
energy; a U-shape Ag nanowire waveguide is simulated for
transfer coupling of dipole field to surface plasmons; the
radius of curvature of a U-shape part is designed to provide
orbital angular momentum (OAM) matched to the SAM of an
incident photon; maximum chiral coupling occurs when the
conservation conditions are met for both angular and linear
momenta.
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2 Spin texture and energy flow
distribution

Consider an electric point-dipole with dipole moment p =
\% (X + ip) placed at the origin of spherical coordinates: a
polarization vector lies on the x—y plane and rotates about
the dipole axis (the z-axis) (Figure 1A). After some work, we
obtain electric and magnetic fields (E and H) expressed in
SI units [29] (Supporting Information Section S1).
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where r is a distance from the dipole at the origin; k is a
propagation constant; and 7, 0 and @ denote unit vectors of
spherical coordinates (r, €, ). € is the permittivity; and y is
the permeability of ambient medium.

Spin angular momentum density S is defined as
S(r) = ﬁ [e - Im(E* X E) + p - Im(H* X H)| [13], where o
is the angular frequency of time harmonic oscillation e~%;
Im denotes the imaginary part of a complex number. SAM
density is determined as:
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The magnetic-field’s contribution to this spin density S
widely varies depending on radial distance: null in the near-
field; relatively minor in the intermediate field; and the
same amount as the E-field’s contribution in the far-field
regime (Supporting Information Section S1).

An energy flow density, i.e., time-averaged Poynting
vector P, is defined as 1/2 Re(E* X H) and is determined as

o [k
642/ e [2 2
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The radial-distance dependence of the r-, 8- and ¢-
components of § and P vectors is plotted for r in the
range of 1nm to 1 pm at 633 nm wavelength (Figure 1B).
The spin vector in near-fields contains the azimuthal com-
ponent (S,,): see Eq. (3). Butits size is much smaller (by three
orders of magnitude at r = 5 nm) than the radial (S,) and

P(r) = (3+cos 20)F
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Figure 1: Spin texture and energy flow distribution of an electric dipole with circular polarization. (A) A dipole moment p = ”—“2 (% +i9) placed at the
origin of spherical coordinates; the dipole axis is along the z-direction. (B) The distance (r) dependence of spin density and energy flow: the
magnitudes of spin vector (S, Sy and S, left panel) and Poynting vector (P, and P,,: right panel). The angular (6, ¢) distribution of spin vector (C and D)
and Poynting vector (E) calculated at r =5 nm. Spin vector plot on the circle of a cross-section of a sphere (C). Spin vectors orient orthogonal to energy
flow direction revealing transverse spins at near field. (F) Spin (S,, S,) and Poynting (P,) vector distributions plotted as a function of polar angle ().
Note a skyrmion texture (C and D) of spin vector distribution: spin flips once when scanned along the polar angle direction (6: from 0 to x). The
angular (0, @) distribution of spin vector (G and H) and Poynting vector (I) calculated at r =1 pm. Spin vector plot on the circle of a cross-section of a
sphere (G). Spins orient parallel (antiparallel) to energy flow direction in the polar regions, revealing longitudinal spins at far field. (J) Spin (P,) and

Poynting (S,) vector distributions plotted as a function of polar angle.

polar-angle (Sy) components: see Figure 1B (left). As such, it
is not clearly visible in the 3D plot of Figure 1D.

Each arrow in Figure 1C-E and G-I, indicates the mag-
nitude and orientation of spin or Poynting vector on a local
reference frame (0, @) on sphere surface. At near field,
spin vectors align along the dipole axis in the polar regions
(6 = ~0° or ~180°) and orient to the polar angle direction
in the equatorial region (8 = ~90°). To help visual under-
standing of spin vector orientations in both hemispheres,
Figure 1C shows the near-field spin vector distribution plot-
ted on the circle of the cross-section (cut-through the center)
of the sphere. The spin vector orients to the +z-direction at
both north and south poles, and it flips to the —z-direction
at the equator with its size twice of that at poles. Figure 1G

shows the far-field spin vector distribution plotted on the
circle of the center cross-section of the sphere. The spin
vector orients to the +z-direction in both polar regions and
reduces to zero in the equatorial region.

Poynting vectors orient to the azimuthal direction: see
Figure 1B (right) and 1E calculated at r = 5 nm. The orthog-
onal relation of S and P vectors confirms the dipole field
carries transverse spins in the near-field regime.

Transverse spins are intrinsic to evanescent waves, and
their three unit-vectors form a right-handed triad: § = P x
fi, where 8, P and # represent the orientation of spin and
momentum (Poynting) vectors and evanescent direction,
respectively [10, 11]. This relation dictates spin-momentum
locking and manifests time-reversal symmetry.
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At far field, both spin and Poynting vectors become
orientating to the radial direction: energy flows mostly
towards the dipole axis (the +z-directions) while spins align
parallel (antiparallel) to the energy flow direction in the
northern (southern) hemisphere (Figure 1G-I, calculated at
r = 1 pm). This parallel/antiparallel relation of S and P
vectors indicates that a time-reversal symmetry breaking
occurs in the far-field regime of a circularly polarized
dipole.

The spin vector distribution in the near-field regime
shown above reveals an optical skyrmion, specifically, of
Néel-type [14-18]: spin flips once along the polar angle
direction on a local reference frame when traversed from
the North pole to the South pole on sphere surface. Note
here that the spin texture is defined on sphere surface, and
the spin-flip count induced by curvature itself is not taken
into account in this count. This skyrmion spin texture is
maintained independent of radial distance as long as they
remain within the near-field regime (kr << 1).

3 Near-field stored energy flux
versus far-field radiation power

The near-field distributions of spins and Poynting reveal
another novel feature (Figure 1C—E): existence of a confined
wave that circles around a dipole with its intensity steeply
rising (r—> order) for closer to a dipole.

The total flux of this stored energy flow is determined a}s
4867(1:)26 %;]
Here the area of the integral is: radius r from r; to oo;
polar angle 6 from 0 to &. Let us assume: p, =1nm - efor a
dipole moment, where e is electron charge [30]; and 633 nm
wavelength in free space. The total energy flux is calculated
to be 6.6 X 1077 J/s (or 2.1 X 10> photons/s) when assuming
the lower limit of integral r; = 3 nm.

Let’s compare this energy flux with the total radiation
power (Supporting Information Section $3): [ P(r)-dA =

(Supporting Information Section S2): [ P(r) - dA =

%pg. Assuming the same parameter values as above,
this far-field radiation is calculated to be 2.2 x 10710 J/s.
This amount corresponds to spontaneous emission rate of
7.0 X 102 s~1 or emission lifetime of 1.4 ns.

The ratio of the near-field trapped energy flux to the
radiation flux is ﬁ. At r; = 3nm (kr; = 0.03 for
A = 633nm), for example, this trapped energy flux is
~3000 times greater than that of the radiative component;
atr; =1 nm, it becomes ~8 x 10* times.

This finding, existence of a high-intensity energy flux
in the deep bottom near-field (r of ~1 nm) region, opens

DE GRUYTER

up an interesting avenue in altering fundamental proper-
ties of dipole emission. A fraction of this large energy flux
would be far greater than the radiation power. Extracting
such a large amount of energy flux out of a dipole would
result in major enhancement of spontaneous emission rate.
For example, extracting ~1% of this flux at r ~ 1 nm would
resultin enhancing the spontaneous emission rate by ~1000
times.

4 Near-field confined wave:
conformal relation to surface
plasmons

The time evolution and spatial distribution of a near-field-
confined traveling wave are analyzed. Let’s consider the
case of & = 90° at distance r, (kr, << 1). The E-field com-
ponent responsible for S(r) is: E(r, t) o e~®'el? (27 — ip).
The E- and H-field terms responsible for P(r) are: E(r, t) «
e~@teiof : H(r, t) o e~@tei® @,

The E-vector elliptically rotates on the r—¢ plane with
angular frequency w, generating spins that orient to the
polar angle direction 0. (Recall that the H-field in the
near-field regime does not contribute to S.) The E-field
phase also advances along the @-direction while rotating
around the dipole axis. This phase change in the azimuthal
direction corresponds to geometric phase and explicitly
appears in the E-field and H-field expressions: el? in Egs. (1)
and (2). In this cycloidal process, E-vector makes a 2n
rotation per oscillation, clockwise seen from the +z-side
while looking down toward the —z-direction (Figure 2A
right), while circling around the dipole, counter-clockwise
seen from the +z-side while looking down toward the —z-
direction (Figure 2A left).

Poynting vectors orient to the azimuthal direction (P =
@): recall that Prepresents a time-averaged energy flow and
is determined as a vector product of the H-field and the
E-field component that is in-phase with the H-field. Spin vec-
tors orient orthogonal to energy flow vectors (§ = 0) form-
ing transverse spins; both vectors obey the spin-momentum
locking principle § = P x f.

The electrodynamics of this near-field confined wave
resembles surface plasmon (SP) propagation on a planar
interface [31, 32]. Figure 2B shows SP fields propagating
along the +x-direction: E(r,t) o« e™'el* (Ey P — iE X);
H(r,t) x e"@ekXZ The E-field rotates on the (x, y) plane
and generates spins that orient to the z-direction. A con-
formal relation is found to exist between the two coor-
dinate systems. For example, consider a transformation
z > e = XY where z denotes a complex number § + iy).
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Figure 2: Spatial distribution and time evolution of electric fields with transverse spins. (A) Circularly polarized dipole field for & = 90°. The spatial
distribution of E-vector orientation at a given time point (left panel). The green arrows denote E-vector orientation and the red arrows are after a
T/4-time lapse, where T is the period of oscillation. E-vector rotates counter-clockwise advancing its phase to the +¢-direction. E-vector at a given
location elliptically rotates along the clockwise orientation (right panel). Spin vectors orient to the transverse direction (the —z-direction) and Poynting
vectors to the azimuthal direction (the 4¢-direction). (B) Surface plasmon field on a planar metal surface. At a given time point, £-vector rotates
clockwise advancing its phase to the —¢g-direction (left panel). E-vector at a given location rotates counter-clockwise (right panel). Spin vectors orient
to the transverse direction (the +z-direction) and Poynting vectors to the propagation direction (the +x-direction).

This maps a rectilinear coordinate (x, y) patch (-7 < x < 7;
—oo0 < y < oo) into a polar coordinate (r, ) patch (0 < r <
00; 0 < @ < 2x). This conformal mapping preserves local
geometry, that is, angles between coordinate lines in an
infinitesimal space. Since spin vector represents the angular
momentum of rotating E-field vector, spin angular momen-
tum is conserved in this conformal mapping.

The strong confinement of dipole near-fields observed
in this work is consistent with a recent report on under-
standing light-matter interactions with photonic quasi-
particles [33]. Photonic quasiparticles are quantized time-
harmonic solutions of Maxwell’s equations in an arbitrary
inhomogeneous and dispersive medium, e.g., radiations
from bound electron emitters. Certain types of photonic
quasiparticles are known to confine EM fields down to the
scale of a few nanometers, e.g., surface plasmons in 2D mate-
rials. The conformal relation observed in the present work
suggests that the near-fields of a rotating dipole might be
viewed as photonic quasiparticles and potentially offer an

interesting venue to explore introducing quantum mechan-
ical concepts to classical electromagnetic analysis.

5 Energy flow vortex and photonic
orbitals

The trajectory of an energy flow is governed by the orienta-
tion of Poynting vector at each point and can be plotted by
integrating the unit vector over time-parameter space [7].
Energy flow lines are calculated for different polar angles
(Figure 3A-C): & = 5 and 175°; 45 and 135°; and 90°. The
flow lines form a vortex of numerous turns in the near field;
gradually spiral out in the mid-field; and asymptotically
approach a straight-line exit at far field. The relation of S
and P vector orientations evolves from being transverse in
the near field regime to longitudinal at far field.

For the case of & = 90°, the vortex profile is comprised
of a large number of orbits in the near field region (Sup-
porting Information Section S4). For example, the winding
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Figure 3: Energy flow lines and Poynting vector distributions. Trajectories calculated for three different polar angles: (A) @ = 90°; (B) 8 = 45 or 135°;
and (C) @ =5 or 175°. (A-C) Plotted for r of 10-100 nm. The inner-most part of a trajectory (shown with a sphere: r < 10 nm) is excluded in this plot in
order to reduce computational load: the flow lines make a large number of windings at near field (e.g., ~107 for r of 5-10 nm). The densely spaced
vortex profiles are not clearly resolved in these plots. Spins orient orthogonal to energy flow direction (transverse spins) at near field. The three
unit-vectors (spin, energy flow, and evanescent direction) form a right-handed triad § = P X . (D) An energy flow trajectory plotted on an equatorial
plane (6 =90°): a flow line spirals out to far field asymptotically approaching a straight-line exit. The orbital angular momentum value ranges from 0
at kr =0to & at kr =1.03 (marked with a red circle) and 27 at kr = oo. Note that the asymptotic line at far field is displaced from a dipole by distance
d = A/ (E and F) The angular (0, @) dependence of energy flow distributions calculated at near field (kr << 1) (E) and at far field (F). The arrows
denote spin angular momentum (red) and Poynting (blue) vectors at the locations where the likelihood of finding a photon is maximal.

number is estimated to be 2 x 10® for radial distance r
of 3-5nm; 1 x 107 for r of 5-10 nm. This densely spaced
spiraling trajectory is consistent with the observation that
Poynting vectors at near field orient predominantly to the
azimuthal direction (Figure 1B, right).

Quantization of light in free space is a long-established
concept, and their quantum mechanical calculation is
known to well converge to classical EM analysis, espe-
cially in far-fields. A rotating dipole is a good model of
an atom emitting a photon during relaxation from an
excited state to a ground state: this model can serve as a
testbed to validate the convergence of both analyses. As
shown above, the dipole emission rate calculated from a
far-field analysis is found to be in good agreement with a
quantum mechanical calculation of spontaneous emission
rate of an atom [33].

The far-field radiation from a rotating electric dipole is
known to carry angular momentum (AM), and their orbital
and spin AM distributions have been reported [34, 35].
For example, Khrapko’s work [34], performed by classical

electrodynamics analysis, revealed that the OAM flux in
far-fields is twice of the SAM flux, being consistent with our
observation (see below) that the OAM value in far-fields is
bounded to two times (27) of SAM value (7). In the near-
field regime (kr << 1), the OAM becomes zero, and only
the SAM remains. Gough’s EM analysis [35] also shows that
the ratio of an energy flux to an OAM flux is equal to @
(angular frequency), corresponding to the well-known rela-
tionship between photon energy (Aw) and angular momen-
tum (7).

In this work, we postulate that the spiraling energy-flow
trajectories with an off-shifted exit line in far-fields can be
associated with a notional photon that carries OAM. Here
it should be noted that the energy flow lines should not be
interpreted as a flight line of a moving particle with zero
dimension. Rather it should be viewed as that of a photon
whose EM field distribution is spread in local space.

We analyzed the orbital angular momentum (OAM)
associated with an energy flow line. The OAM of a photon
on a given trajectory is determined as a cross-product of a
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position vector and a linear momentum vector: r X

(hkf’) = —9hkrﬁ, where Pis a unit vector of Poynt-
PI+PL

ing vector P = F'P, + @P ,(see Eq. (4) for P). Figure 3D shows
a sample trajectory plotted for # = 90°. The OAM value, with
reference to the origin at the dipole, is bounded between 0
and 24: 0 at kr = 0; A at kr = 1.03; and 27 at kr = oo. Note
that the asymptotic line drawn to the far-field trajectory is
displaced a distance d of A/z from the dipole: therefore, the
OAM along this line remains constant at 2/2. Concerning the
polar angle dependence at far field (kr >> 1), the OAM value
takes a maximum (27) at € = 90° and decreases to 0 at 6 =
0 or 180°.

In our current formulation for OAM calculation, we
postulate that the energy flow lines in far-fields are associ-
ated with a photon carrying momentum quanta (k) along
the energy flow direction (P). As a result of this quantum
postulation, the OAM value in the above expression natu-
rally takes the units of angular momentum quanta ¢). By
contrast, the SAM does not involve momentum ¢:k). There-
fore, this formula cannot be applied to calculate SAM values
[36].

From a quantum mechanical perspective, a hypothet-
ical wave-function of a notional photon emanating from
a dipole emitter can be viewed as a superposition of all
plausible trajectories depicted by the energy flow distribu-
tions described above. The angular (0, @) dependence of
Poynting vector distribution is @ sin 6 at near field and
(cos?0 + 1) at far field; and reveals a toroidal shape or a
dumb-bell shape, respectively (Figure 3E and F). The arrows
denote S and P vectors at select locations (Figure 3E); and
at the locations where the likelihood of finding a photon is
maximal (Figure 3F).

6 Chiral coupling and purcell
enhancement

We investigated extracting the near-field energy flux to an
outer world. We designed and simulated a plasmonic cou-
pler structure for chiral extraction of dipole field energy
into SPs: see Figure 4A and B for a U-shape Ag nanowire
waveguide (cross-section, 50 nm width and 50 or 100 nm
height). Here the radius of curvature R of a U-shape sur-
face (the inner sidewall) is designed such that the OAM
of an SP waveguide matches the SAM of an emitting pho-

ton [27, 28]: OAM = r X (kP ) = £2hk, R = +2h = SAM,

where R = %’ and Ay, is the SP wavelength in the Ag
waveguide. For 4 = 633 nm, /lsp is calculated to be 339 nm
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corresponding to R = 54 nm. In this design a circularly
polarized dipole emitter (dipole axis along the z-direction)
is located close to the waveguide surface: 3 nm distance
from the inner sidewall and off from the corner in the
diagonal direction. Being close to metal surface, a high-
intensity energy flux can couple to SPs on a Ag waveg-
uide (Supporting Information Section S5). This off-corner
diagonal-configuration is to minimize image dipole for-
mation: otherwise, this effect would cancel out the hori-
zontal component of dipole moment and will result in a
linearly polarized vertical dipole [37-42], adversely affect-
ing chiral coupling. Poynting vectors of a linear dipole orient
outward with a radially symmetric distribution and there-
fore are not suitable for chiral (asymmetric) coupling of
dipole field.

From a phase matching perspective, i.e., the conser-
vation of linear momentum along the tangential direc-
tion, the propagation direction of excited SPs should match
the orientation of incident light’s Poynting vector (i.e.,
to the azimuthal direction: Figures 1D and 3E). In other
words, dipole field must couple to the left-side waveguide
(viewed from the dipole side) in this left-circular-polarized
(LCP) dipole case. At the same time, angular momenta must
be conserved as well. The z-component of the SAM vector
projection to the inner sidewall of Ag waveguide has the
following angular dependence: 1 — 3sin0. Note that dipole
spin vectors become orienting to the +z-direction for polar
angle 6 < 35° (Figures 1C and 3E): therefore, the angular
momentum matching condition can be met only for those
polar angles, and those photons will excite SPs propagating
to the left-side waveguide. Speaking more specifically, the
angular momentum conservation requirement must be met
between incident photon spin and the curvature-induced
OAM on local surface of Ag waveguide.

The coupling efficiency between an electric dipole and
a waveguide mode is proportional to p* - E, where p is the
dipole moment and E is the electric field of the mode. The
coupling efficiency takes a maximum value when p and E
vectors are parallel to each other [43]. A similar relation-
ship holds between the SAM vector SD of dipole field and
the spin vector Sy, of surface plasmons on metal surface,
and the coupling efficiency is proportional to S - S,,. SAM
vector SD can be expressed referring to its rotating dipole
moment pg: Sg, Im(p(’; X pd). Similarly, surface plasmon

spin vector S, isex Im(S;‘ID xssp). After some work, we
obtain:

SqSop o {[Re(py) - Re(Egy)|[Im(py) - Im(Eg, )]
— [Re(pg) - Im(Eg, )| [Im(pg) - Re(Eg)| }
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Figure 4: Chiral coupling of dipole field into surface plasmons. (A) Schematic of a plasmonic coupler. A left-circular-polarized dipole emitter is placed
close to the bottom corner of the inner sidewall of a U-shape Ag waveguide (cross-section, 50 nm width and 50 nm height; arc angle of 120°). (B) The
radius of curvature R (= 54 nm) of the circular part is designed to produce a curvature-induced OAM of 27 well matching the SAM of surface plasmons
excited on metal surface; a dipole is placed at d = 3 nm from the sidewall. (C) Dipole field (|H|) preferentially couples to the left arm of waveguide seen
from the top (or to the right arm seen from the dipole). (D) SP field intensity (|H|2) distributions measured after 1.16 pm propagation from the dipole.
The polarization selectivity is estimated to be ~113. This structure demonstrates Purcell enhancement of ~17.

The dot product S - S, is found to take a maximum when
the polarization vector p,4 of dipole field is parallel to the
E-field of SP fields, basically the same relationship as the
Fermi’s golden rule above.

A finite-difference time-domain (FDTD) simulation
demonstrates chiral coupling (Figure 4C): The polarization
selectivity is estimated to be ~113 (Figure 4D). We also
calculated Purcell enhancement of dipole emission
[44-48]. Using a monitor box that surrounds a dipole
emitter only, we measured the total power emanating
from the dipole (through the box faces) for two
different cases: with and without a Ag waveguide
(Supporting Information Section S5). The ratio of the
two powers corresponds to Purcell enhancement and
is measured to be ~17 at d = 3nm. The importance of
angular momentum matching for high-throughput chiral
coupling is demonstrated by comparing different designs
with widely varying curvature of metal surface (Figures S5
to S7).

7 Discussion

The large amount of energy flux trapped deep inside a near-
field region corresponds to an electromagnetic energy flow
associated with a rotating dipole moment and its electro-
magnetic field. The field-stored energy of dipole near-field
is expressed as ; 4;;1, where r; is the lower limit of volume
integral of energy density and dipole moment p, is assumed
to be r;e (Supporting Information Section S6). Assuming
r; = 1nm, the electromagnetic energy is calculated to be
4 x 1072 J: this amount corresponds to 12% of the photon
energy at the assumed wavelength (7w = 1.96 eV for A
= 633 nm). Moreover, this energy expression is found to
hold the following relationship with the trapped energy flux
derived above: the near-field energy flux equals a product
of oscillation frequency () and field-stored energy (Sup-
porting Information Section S6). This supports the notion
that the large energy flux is a manifestation of field-stored
energy that is spinning fast at optical frequency.
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The photon distribution analyzed in this work resem-
bles the electron cloud model of an atom, in which the angu-
lar (0, @) dependence of probability density corresponds to
eigenfunctions of Schrodinger equation for hydrogen atom
and are expressed as spherical harmonics specified with
two quantum numbers (orbital [ and magnetic m;). Simi-
lar to electron orbitals, photons reveal an orbital structure
whose angular momentum (AM) values are bounded to an
integer multiple of A: 2A for OAM; and # for total AM.
Here the quantum nature of both cases (discreteness of
angular momenta) is ascribed to the compactness of sphere
on which photons and electron wavefunctions are defined.
The near-field-trapped photonic orbitals (¢ sin ) revealed
in the present work (Figure 3E) can be viewed as a possible
electromagnetic model that may explain the non-radiating
nature of the electron orbitals associated with the ground
state of a stable atom [49-51].

With a plasmonic coupler, SP losses might be significant
[52]. SP propagation loss, however, can be alleviated to an
insignificant level by reducing the length of a metal waveg-
uide section to minimum and by transfer coupling of SPs
into a low-loss dielectric waveguide [47]. A high-efficiency
chiral coupler structure with high polarization-selectivity
and Purcell factor is expected to play an important role in
developing single photon source chips that offer high rate
of generation and transmission of photon qubits [53—-55].

Supporting Information

Detailed derivations, notes and numerical analysis/simu-
lation results (PDF).

Acknowledgments: The authors thank Jae Lee at Navy for
valuable discussions.

Author contributions: Y.S. carried out numerical analysis.
H.KK. conceived the study and provided theoretical guid-
ance. HK.K. wrote the manuscript with inputs from Y.S.
Research funding: The authors acknowledge support
from the NSF (ECCS-0925532), ONR (N00014-1310465), Navy
(N68335-20-C-0420) and Maxxen Group.

Conflict of interest statement: The authors declare no com-
peting financial interest.

References

[11 R.R.Chance, A. Prock, and R. Silbey, “Lifetime of an emitting
molecule near a partially reflecting surface,” J. Chem. Phys., vol. 60,
pp. 2744—2748,1974.

[2] W.Lukosz and R. E. Kunz, “Light emission by magnetic and electric
dipoles close to a plane interface. I. Total radiated power,” J. Opt.
Soc. Am., vol. 67, pp. 1607—1615, 1977.

Y. Shi and H. K. Kim: Spin texture and chiral coupling of circularly polarized dipole =137

[3] L. Novotny, “Allowed and forbidden light in near-field optics. I. A
single dipolar light Source,” J. Opt. Soc. Am. A, vol. 14, pp. 91—104,
1997.

[4] O.Keller, “Attached and radiated electromagnetic fields of an
electric point dipole,” J. Opt. Soc. Am. B, vol. 16, pp. 835—847,
1999.

[5] T.Setdla and M. Kaivola, “Decomposition of the point-dipole field
into homogeneous and evanescent parts,” Phys. Rev. E, vol. 59,
pp. 1200—1206, 1999.

[6] H.F.Arnoldus, “Representation of the near-field, middle-field, and
far-field electromagnetic Green’s functions in reciprocal space,”
J. Opt. Soc. Am. B, vol. 18, pp. 547—555, 2001.

[71 H.F.Arnoldus and].T. Foley, “The dipole vortex,” Opt. Commun.,
vol. 231, pp. 115—128, 2004.

[8] L. Novotny and B. B. Hecht, Principles of Nano-Optics, New York,
Cambridge University Press, 2006.

[9] A. Aiello, P. Banzer, M. Neugebauer, and G. Leuchs, “From
transverse angular momentum to photonic wheels,” Nat.
Photonics, vol. 9, pp. 789—795, 2015.

[10] K.Y.Bliokh, F. ). Rodriguez-Fortufio, F. Nori, and A. V. Zayats,
“Spin—orbit interactions of light,” Nat. Photonics, vol. 9,
pp. 796 —808, 2015.

[11] T.Van Mechelen and Z. Jacob, “Universal spin-momentum
locking of evanescent waves,” Optica, vol. 3, pp. 118 —126, 2016.

[12] M. Neugebauer, P. Banzer, and S. Nechayev, “Emission of
circularly polarized light by a linear dipole,” Sci. Adv., vol. 5,

p. eaav7588, 2019.

[13] P.Shi, L. Du, C. Li, A. V. Zayats, and X. Yuan, “Transverse spin
dynamics in structured electromagnetic guided waves,” Proc. Natl.
Acad. Sci. U.S.A., vol. 118, p. 2018816118, 2021.

[14] N.Nagaosa and Y. Tokura, “Topological properties and dynamics
of magnetic skyrmions,” Nat. Nanotechnol., vol. 8, pp. 899—911,
2013.

[15] S. Tsesses, E. Ostrovsky, K. Cohen, B. Gjonaj, N. H. Lindner, and
G. Bartal, “Optical skyrmion lattice in evanescent electromagnetic
fields,” Science, vol. 361, pp. 993—996, 2018.

[16] L.Du, A.Yang, A.V. Zayats, and X. Yuan, “Deep-subwavelength
features of photonic skyrmions in a confined electromagnetic field
with orbital angular momentum,” Nat. Phys., vol. 15, pp. 650 —654,
2019.

[17] T.J.Davis, D. Janoschka, P. Dreher, B. Frank, F. J. M. zu Heringdorf,
and H. Giessen, “Ultrafast vector imaging of plasmonic skyrmion
dynamics with deep subwavelength resolution,” Science, vol. 368,
p. eaba6415, 2020.

[18] Y. Dai, Z. Zhou, A. Ghosh, et al., “Plasmonic topological
quasiparticle on the nanometre and femtosecond scales,” Nature,
vol. 588, pp. 616—619, 2020.

[19] F.).Rodriguez-Fortufio, G. Marino, P. Ginzburg, et al., “Near-field
interference for the unidirectional excitation of electromagnetic
guided modes,” Science, vol. 340, pp. 328 —330, 2013.

[20] J. Petersen, ). Volz, and A. Rauschenbeutel, “Chiral nanophotonic
waveguide interface based on spin-orbit interaction of light,”
Science, vol. 346, pp. 67—71, 2014.

[21] B.le Feber, N. Rotenberg, and L. Kuipers, “Nanophotonic control
of circular dipole emission,” Nat. Commun., vol. 6, p. 6695,

2015.

[22] 1.Séliner, S. Mahmoodian, S. L. Hansen, et al., “Deterministic
photon—emitter coupling in chiral photonic circuits,” Nat.
Nanotechnol., vol. 10, pp. 775—778, 2015.



138 = Y. Shiand H. K. Kim: Spin texture and chiral coupling of circularly polarized dipole

[23]

[24]

R.J. Coles, D. M. Price, J. E. Dixon, et al., “Chirality of nanophotonic
waveguide with embedded quantum emitter for unidirectional
spin transfer,” Nat. Commun., vol. 7, p. 11183, 2016.

M. F. Picardi, A. Manjavacas, A. V. Zayats, and F. J.
Rodriguez-Fortufio, “Unidirectional evanescent-wave coupling
from circularly polarized electric and magnetic dipoles: an angular
spectrum approach,” Phys. Rev. B, vol. 95, p. 245416, 2017.

[25] ). S. Eismann, M. Neugebauer, and P. Banzer, “Exciting a chiral

[26]

[27]

[28]

dipole moment in an achiral nanostructure,” Optica, vol. 5,

pp. 954—959, 2018,

Q. Guo, T. Fu, . Tang, D. Pan, S. Zhang, and H. Xu, “Routing a chiral
Raman signal based on spin-orbit interaction of light,” Phys. Rev.
Lett., vol. 123, p. 183903, 2019.

Y. Lefier, R. Salut, M. A. Suarez, and T. Grosjean, “Directing
nanoscale optical flows by coupling photon spin to plasmon
extrinsic angular momentum,” Nano Lett., vol. 18, pp. 38 —42, 2018.
M. Thomaschewski, Y. Yang, C. Wolff, A. S. Roberts, and S. I.
Bozhevolnyi, “On-chip detection of optical spin—orbit interactions
in plasmonic nanocircuits,” Nano Lett., vol. 19, pp. 1166—1171, 2019.

[29] J. D.Jackson, Classical Electrodynamics, 3rd ed, New York, Wiley,

[30]

1999.

R.J. Warburton, C. Schulhauser, D. Haft, et al., “Giant permanent
dipole moments of excitons in semiconductor nanostructures,”
Phys. Rev. B, vol. 65, p. 113303, 2002.

[31] J. Wuenschell and H. K. Kim, “Surface plasmon dynamics in an

B2]

(33]

[34]

[33]

[36]

371

[38]

[39]

[40]

[41]

isolated metallic nanoslit,” Opt. Express, vol. 14, pp. 10000—10013,
2006.

K. Y. Bliokh and F. Nori, “Transverse spin of a surface polariton,”
Phys. Rev. A, vol. 85, p. 061801(R), 2012.

N. Rivera and I. Kaminer, “Light-matter interactions with photonic
quasiparticles,” Nat. Rev. Phys., vol. 2, pp. 538 —561, 2020.

R. 1. Khrapko, “Spin radiation from a rotating dipole,” Optik,

vol. 181, pp. 1080—1084, 2019.

W. Gough, “The angular momentum of radiation,” Eur. J. Phys.,
vol. 7, pp. 81—87,1986.

K.Y. Bliokh, J. Dressel, and F. Nori, “Conservation of the spin and
orbital angular momentum in electromagnetism,” New J. Phys.,
vol. 16, p. 093037, 2014.

R. R. Chance, A. Prock, and R. Silbey, “Molecular fluorescence and
energy transfer near interfaces,” Adv. Chem. Phys., vol. 37,

pp. 1—65,1978.

D. H. Waldeck, A. P. Alivisatos, and C. B. Harris, “Nonradiative
damping of molecular electronic excited states by metal surfaces,”
Surf. Sci., vol. 158, pp. 103—125, 1985.

W. L. Barnes, “Fluorescence near interfaces: the role of photonic
mode density,” J. Mod. Opt., vol. 45, pp. 661—699, 1998.

K. G. Lee, K. J. Ahn, H. W. Kihm, et al., “Surface plasmon polariton
detection discriminating the polarization reversal image dipole
effects,” Opt. Express, vol. 16, pp. 10641—10649, 2008.

M. W. Knight, Y. Wu, J. B. Lassiter, and N. J. Nordlander & Halas,
“Substrates matter: influence of an adjacent dielectric on an

[42]

[43]

[44]

DE GRUYTER

individual plasmonic nanoparticle,” Nano Lett., vol. 9,

pp. 2188—2192, 2009.

C. Ropp, Z. Cummins, S. Nah, J. T. Fourkas, B. Shapiro, and E. Waks,
“Nanoscale probing of image-dipole interactions in a metallic
nanostructure,” Nat. Commun., vol. 6, p. 6558, 2015.

M. F. Picardi, A. V. Zayats, and F. . Rodriguez-Fortufio, “Janus and
huygens dipoles: near-field directionality beyond spin-momentum
locking,” Phys. Rev. Lett., vol. 120, p. 117402, 2018.

E. M. Purcell, “Spontaneous emission probabilities at radio
frequencies,” Phys. Rev., vol. 69, p. 681, 1946.

[45] J. M. Gérard, B. Sermage, B. Gayral, B. Legrand, E. Costard, and V.

[46]

[47]

Thierry-Mieg, “Enhanced spontaneous emission by quantum
boxes in a monolithic optical microcavity,” Phys. Rev. Lett., vol. 81,
pp. 1110—1113, 1998.

L. Gontijo, M. Boroditsky, E. Yablonovitch, S. Keller, U. K. Mishra,
and S. P. DenBaars, “Coupling of InGaN quantum-well
photoluminescence to silver surface plasmons,” Phys. Rev. B,

vol. 60, pp. 11564 —11567, 1999.

D. E. Chang, A.S. Serensen, P. R. Hemmer, and M. D. Lukin,
“Strong coupling of single emitters to surface plasmons,” Phys.
Rev. B, vol. 76, p. 035420, 2007.

[48] J. Barthes, G. C. des Francs, A. Bouhelier, J. C. Weeber, and A.

[49]

[50]

[51]

[52]

Dereux, “Purcell factor for a point-like dipolar emitter coupled to a
two-dimensional plasmonic waveguide,” Phys. Rev. B, vol. 84,
p. 073403, 2011.

D. Bohm and M. Weinstein, “The self-oscillations of a charged
particle,” Phys. Rev., vol. 74, pp. 1789—1798, 1948.

B. Y. Zel’Dovich, “Electromagnetic interaction with parity
violation,” Sov. Phys. JETP, vol. 8, pp. 1184—1186,

1958.

G. H. Goxozcke, “Classically radiationless motions and possible
implications for quantum theory,” Phys. Rev., vol. 135,

pp. B281—B288, 1964,

S. 1. Bozhevolnyi and J. B. Khurgin, “Fundamental limitations in
spontaneous emission rate of single-photon sources,” Optica,
vol. 3, p. 1418, 2016.

[53] J. Claudon, J. Bleuse, N. S. Malik, et al., “A highly efficient

[54]

[55]

single-photon source based on a quantum dot in a photonic
nanowire,” Nat. Photonics, vol. 4, pp. 174—177, 2010.

P. Senellart, G. Solomon, and A. White, “High-performance
semiconductor quantum-dot single-photon sources,” Nat.
Nanotechnol., vol. 12, pp. 1026 —1039, 2017.

F. Liu, A.J. Brash, J. O’Hara, et al., “High Purcell factor generation
of indistinguishable on-chip single photons,” Nat. Nanotechnol.,
vol. 13, pp. 835—840, 2018.

Supplementary Material: This article contains supplementary material
(https://doi.org/10.1515/nanoph-2022-0581).


https://doi.org/10.1515/nanoph-2022-0581

	1 Introduction
	2 Spin texture and energy flow distribution
	3 Near-field stored energy flux versus far-field radiation power
	4 Near-field confined wave: conformal relation to surface plasmons
	5 Energy flow vortex and photonic orbitals
	6 Chiral coupling and purcell enhancement
	7 Discussion
	Supporting Information


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


