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Near-Field Interference for the
Unidirectional Excitation of
Electromagnetic Guided Modes
Francisco J. Rodríguez-Fortuño,1,2 Giuseppe Marino,1 Pavel Ginzburg,1 Daniel O’Connor,1

Alejandro Martínez,2 Gregory A. Wurtz,1 Anatoly V. Zayats1*

Wave interference is a fundamental manifestation of the superposition principle with numerous
applications. Although in conventional optics, interference occurs between waves undergoing
different phase advances during propagation, we show that the vectorial structure of the near
field of an emitter is essential for controlling its radiation as it interferes with itself on
interaction with a mediating object. We demonstrate that the near-field interference of a
circularly polarized dipole results in the unidirectional excitation of guided electromagnetic
modes in the near field, with no preferred far-field radiation direction. By mimicking the dipole
with a single illuminated slit in a gold film, we measured unidirectional surface-plasmon
excitation in a spatially symmetric structure. The surface wave direction is switchable with
the polarization.

I
nterference is the cornerstone of various

phenomena in nature, enabling numerous ap-

plications. In optics, it is intensively used in

microscopy, stellar measurements, spectroscopy,

and communication technologies, among many

others, and is the basis behind the concepts of

reflection, refraction, and light bending (1, 2).

Typically, interference occurs as a result of the

relative phase lag of different propagating waves.

By contrast, nanophotonics—the branch of op-

tics studying the interaction of light with sub-

wavelength nanoscale structures—deals inherently

with phenomena that occur via near-field inter-

actions before appreciable phase lags can be ac-

cumulated (3). A radiationless form of interference

in the near field (4) is behind new exciting ap-

plications such as the focusing of evanescent com-

ponents to achieve subwavelength resolution in

imaging (5–8). Near-field interference achieved

through the full coherent control of the phase

and amplitude of excitation light allows asym-

metric spatial field localization (9, 10) and se-

lection of propagation paths at intersections of

waveguides (11).

We demonstrate near-field interference by con-

sidering a single source of radiation coupled to a

mode with a vectorial structure of electromag-

netic field. With an additional degree of freedom

provided by the vectorial character of the field,

control over the near-field interference can be

achieved. We show that an elliptically polarized

dipole can produce destructive or constructive

interference of different evanescent components

in its near field and, as a result, excite electromag-

netic modes in neighboring material structures,

such as dielectric and plasmonic waveguides and

diffraction gratings, with a controlled direction-

ality of propagation.

Recently, several solutions for the directional

excitation of surface plasmon polariton (SPP)

waves (12, 13) have been proposed, including

a backside-illuminated slit near a surface Bragg

grating (14), the use of asymmetric slanted grat-

ings (15) and chirped gratings (16), tilted-angle il-

lumination of slits and gratings (17, 18), or the

illumination of nearby, compact nanoantennas

(19). Directional extraction of light from local-

ized emitters with nanoantennas (20), emission

directionality of thermal sources coupled to SPPs

(21), and directional coupling to planar dielec-

tric photonic waveguides (22) have been dem-

onstrated. All of the above approaches have a

resonant nature and rely on the careful selection

of the wavelength and geometrical parameters of

the structure, with the direction of excitation de-

termined by an asymmetry of the structure and/or

the incident light direction. Near-field dipolar in-

terference provides a fundamentally different

approach to unidirectional guided wave excitation

with broadband (nonresonant) characteristics and

the opportunity to achieve polarization-tunable

directionality.

The phenomenon of unidirectional excitation

can be understood by considering a dipole placed

at a subwavelength distance d from a waveguide

surface—for example, a dielectric slab or a single

metal-dielectric interface (Fig. 1A). The high–

spatial-frequency components of the dipole radia-

tion allow the excitation of guided modes in the

waveguide. The fundamental principle behind

the effect of unidirectionality is the selective vec-

torial excitation of the electric field of the wave-

guidemode, dependent on the emitted polarization.

At the location of the waveguide immediately

below the dipole, the vertically oriented com-

ponent of the dipole is coupled to the transverse
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field of the electromagnetic mode, while the

horizontal component of the dipole drives the

longitudinal component. Both components have

different amplitudes and phases. A properly

chosen polarization of the dipole will result in

destructive interference in one prescribed direc-

tion and a mode propagating in the opposite

direction.

Without restriction on the nature of wave-

guided modes, we consider a rigorous quantitative

description based on phase-matching conditions

between the source dipole and the structure’s

modes. It is convenient to decompose the field of

the dipole into spatial-frequency components kx
and ky (3). The full three-dimensional (3D) treat-

ment is described in (23). Here we discuss a 2D

case in which the dipole moment is defined per

unit length as p2D = [ px, pz], and the decom-

position of its magnetic field can be written as

Hyðx,zÞ ¼ ∫Hyðkx,zÞeikxxdkx, where

Hyðkx,zÞ ¼ iw

8p2
pz
kx

kz
∓ px

� �

eikzjz‐zdipolej ð1Þ

kz = (k0
2 − kx

2)1/2 is the wave vector along z, w

is the angular frequency, k0 = w/c, and the phasor

notation H(r,t) = Re[H(r)e–iwt] was used. The

upper sign in Eq. 1 applies to z > zdipole, while

the lower sign applies to z < zdipole, where zdipole
is the dipole coordinate. The Hy components with

–k0 < kx < k0 correspond to propagating plane

waves forming an angle q = sin−1(kx/k0) with the

z axis, whereas the components with |kx| > k0 are

evanescent and important only in the near field

(for z << l).

The linear superposition of the two orthog-

onal dipole orientations px and pz leads to both

far-field and near-field interference. The dipole

oriented along z axis has an odd parity of its

spatial frequency spectrum Hy(kx), whereas the

opposite is true for the x-oriented dipole, which

shows an even parity. This suggests that apply-

ing the superposition principle to these dipoles

could result in a nonsymmetric spatial-frequency

distribution. The term (kx /kz) in Eq. 1 is real-

valued for propagating components and imag-

inary for evanescent ones. This means that to

achieve destructive interference [Hy(kx) = 0] in-

side the light cone (|kx| < k0), px and pz should

be in phase (linearly polarized). Remarkably,

the interference can take place outside the light

cone (|kx| > k0) when px and pz are 90° out of

phase. According to Eq. 1, for a circularly po-

larized dipole with p2D = p½1;−i%=
ffiffiffi

2
p

, the spec-

tral amplitude of the evanescent components

with kx > 0 add up destructively, whereas for

negative kx both dipole components reinforce

each other (Fig. 1B). This near-field interference

effect is the basis for the selective directional

excitation of guided modes by the evanescent

components of the dipole field. The direction-

al behavior that emerges from the evanescent

components is quite a counterintuitive result,

considering that no preferred direction is ob-

served for the propagating components of the

circular dipole radiation—as can be shown by

noting that the magnetic field radiated per unit

angle, obtained by substituting kx ¼ k0sinq in

Eq. 1, is given byHyðq; zÞdq ¼ H0e
∓iqdq, which

has a constant magnitude for all radiating angles

q. From the directional assymetry of the evanes-

cent component spectrum, it follows that by

placing a structure that supports bound propa-

gating modes with an expðTikmx xÞ dependence

(with |kx
m| > k0) in the near field of this dipole,

the modes propagating toward negative x will

be dominantly excited over the modes propagat-

ing in the positive x direction with a ratio equal to

that of the amplitudes of the corresponding eva-

nescent wave components of the dipole R = |Hy

(kx
m)|/|Hy(–kx

m)|. The opposite directionality is

observed if the direction of rotation of the di-

pole is reversed. The z position of the dipole does

not affect this ratio, because the evanescent de-

cay, exp(ikz|z|) in Eq. 1, affects the fields with

both signs of kx equally.

This effect has been demonstrated numerical-

ly for two different waveguides by applying the

spectral decomposition of the dipole and the

transfer matrix method (24). The first example is

a dielectric slab of thickness s = 0.2l, with per-

mittivity ed = 9 + 0.1i, placed at a distance d =

0.1l from the dipole. This slab has a bound wave-

guided mode that can propagate in opposite

directions with the wave vector Tkdx ¼ T1:965k0
(Fig. 1B). Clearly, the mode with –kdx will be ex-

cited by the circular dipole with a much greater

amplitude than the one with +kdx (amplitude ratio

R = 13.4), resulting in unidirectional propagation

of themodewithin the slab (Fig. 2B). The second

example is a semi-infinite metallic medium with

permittivity em = –2 + 0.1i, placed at a distance

d = 0.3l from the circular dipole. The air-metal

boundary supports counterpropagating SPPmodes

with wave vectors Tkspp
x ¼ T1:41k0 (Fig. 1B).

Only one of these modes is predominantly ex-

cited by the circular dipole (amplitude ratio R =

5.8), resulting in directional SPP propagation

(Fig. 2C). The lobes observed toward the upper

right part of the figure correspond to far-field

radiation from the dipole and its reflection. Ani-

mated versions of Fig. 2, A to D, are given in

movies S1 to S4.

In both presented examples, a residual non-

zero amplitude is still observed for the modes

with positive kx. This residual wave can be elim-

inated by using a dipole moment with different

relative amplitudes in its x and z components

(elliptical polarization). Relying on Eq. 1, it is

possible to design a dipole with a spatial fre-

quency spectrum such that the field is exactly

zero for the mode that needs to be inhibited;

e.g.,Hyðkspp
x Þ ¼ 0 for the wave vector of themode

Fig. 2. Dipole radiation in various surroundings.
Magnetic field distributions for a 2D circularly
polarized dipole p2D = [1, −i] (A) radiating in free
space, (B) exciting a dielectric waveguide mode (d =
0.1l, e = 9 + 0.1i, s = 0.2l), and (C) exciting
SPP mode (d = 0.3l, e = –2 + 0.1i, s = ∞). (D)
Same as (C) but with an optimized elliptical dipole
p2D = [1, −0.705i ] to minimize the SPP excitation
in the opposite direction. Color scale is the same
for all plots.

Fig. 1. Asymmetric excitation of waveguided modes. (A) Schematics of the circularly polarized
dipole over a planar waveguiding structure (metal-dielectric interface). A cross-section of the calculated
magnetic field distribution is overlaid at the surface of a metal (d = 0.3l, e = –2 + 0.1i), showing the
asymmetric excitation of SPPs. (B) Spatial frequency spectra of a circularly polarized (continuous line)
and elliptically polarized (dashed line) dipole.
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with positive kspp
x . This is the case for p2D =

[1, −0.705i], showing a zero value at exactly the

SPP wave vector kspp
x ¼ þ1:41k0 (Fig. 1B). The

resulting truly unidirectional excitation of SPP

wave is shown in Fig. 2D, with no coupling to

the “undesired” back-propagating SPP mode.

The finite lifetime of the SPPs due to the Ohmic

losses causing broadening in the wave vector spec-

trum may, however, result in some minor spurious

excitation.

To experimentally demonstrate the concept,

we show the directional excitation of SPPs on

a smooth 50-nm gold film using a symmetric

130-nm-wide slit illuminated with circularly po-

larized light. The slit plays the role of the 2D

circularly polarized dipole, exciting SPPs on the

nearby smoothmetal film. Three-dimensional sce-

narios may be realized by considering single

defects in a film (25) or a nanoparticle placed on

a metal surface (26). Because the circular polar-

ization of the dipole is required in a plane per-

pendicular to the metal surface (Fig. 1A), the

illumination is chosen at a grazing angle along

the slit length (Fig. 3A). The leakage radiation

of the SPPs into the glass substrate is recorded

as bright spots on a charge-coupled device cam-

era placed in a spatially filtered Fourier plane

(fig. S1). In the case of linear polarization, both

SPPs are excited equally on both sides of the slit,

whereas for left- and right-handed circular po-

larizations, SPPs are predominantly excited prop-

agating to the right and left side of the slit,

respectively (Fig. 3C).

A full set of polarization states was studied by

rotating a l/4 plate in a linearly polarized ex-

citation beam (Fig. 3D). For linear polarization

(l /4 plate orientation: 0°, −90° and +90°), the

expected behavior of equal excitation of SPPs on

both sides of the slit is observed. However, for

two circular polarizations of the incident light,

SPPs are preferentially excited in one direction.

Symmetry requires that the two SPP excitation

curves be mirror images of each other, which is

clearly observed in the experiment. Small de-

viations from theoretical predictions obtained

for an ideal dipole can be expected to originate

from the finite size and shape of the slit, whose

dipolar behavior is not equivalent for fields po-

larized across the slit and perpendicularly to

it. This prevents achieving full directionality

and contributes to the observed background

intensity (Fig. 3D). A complete control of the

polarization ellipse of incoming light (10, 11)

would optimize the device performance, which,

following symmetry considerations (23), could

potentially achieve a 1:0 contrast ratio. Similar-

ly, directional SPP excitation can be achieved

with a slit grating by using the same approach

(fig. S2).

We have described a fundamental example

of vectorial near-field interference using a sim-

ple circularly or elliptically polarized dipole to

achieve directional broadband excitation of guided

modes. The underlying physics holds potential

and wide applicability to other optical processes.

Useful applications may be in the excitation of

photonic guided modes exhibiting directional

dependence with the direction of the input cir-

cularly polarized light, enabling compact nano-

scale light sources that could efficiently absorb

incoming illumination and couple it to the modes

of Si-photonic or plasmonic guides in a desired

single direction. It also opens exciting possibili-

ties for directional switching, polarization sorting,

and processing of polarization-encoded infor-

mation, including polarization-entangled optical

qubits.
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Fig. 3. Directional SPP excitation with a slit. (A) Sche-
matics of the experiment. A plane wave is incident at nearly
grazing angle (70°) onto a slit in a metal film. (B) Scanning
electron micrograph of the slit. (C) Spatially filtered Fourier
plane images of the SPP leakage radiation collected from the
sample for different polarization states of the illuminating light.
The bright spots correspond to the points on the SPP wave vector
arc for the Au/air interface with ky matching the incident wave
vector. (D) Experimental (solid lines) and simulated (dashed
lines) dependences of the intensity of left and right excited SPPs
on the polarization of the illuminating light.
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