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Conventional optical components rely on gradual phase shifts accumulated during light
propagation to shape light beams. New degrees of freedom are attained by introducing abrupt
phase changes over the scale of the wavelength. A two-dimensional array of optical resonators
with spatially varying phase response and subwavelength separation can imprint such phase
discontinuities on propagating light as it traverses the interface between two media. Anomalous
reflection and refraction phenomena are observed in this regime in optically thin arrays of metallic
antennas on silicon with a linear phase variation along the interface, which are in excellent
agreement with generalized laws derived from Fermat’s principle. Phase discontinuities provide
great flexibility in the design of light beams, as illustrated by the generation of optical vortices
through use of planar designer metallic interfaces.

The shaping of the wavefront of light with
optical components such as lenses and
prisms, as well as diffractive elements such

as gratings and holograms, relies on gradual phase
changes accumulated along the optical path. This
approach is generalized in transformation optics
(1, 2), which uses metamaterials to bend light
in unusual ways, achieving such phenomena as
negative refraction, subwavelength-focusing, and
cloaking (3, 4) and even to explore unusual ge-
ometries of space-time in the early universe (5).
A new degree of freedom of controlling wave-
fronts can be attained by introducing abrupt phase
shifts over the scale of the wavelength along the
optical path, with the propagation of light gov-
erned by Fermat’s principle. The latter states that
the trajectory taken between two points A and B
by a ray of light is that of the least optical path,
∫BAn(

→r )dr, where n(→r ) is the local index of re-
fraction, and readily gives the laws of reflection
and refraction between two media. In its most
general form, Fermat’s principle can be stated as
the principle of stationary phase (6–8); that is,
the derivative of the phase ∫BAdϕ(→r ) accumu-
lated along the actual light path will be zero with
respect to infinitesimal variations of the path. We
show that an abrupt phase shift F(→rs) over the
scale of the wavelength can be introduced in the
optical path by suitably engineering the interface

between two media; F(→rs) depends on the co-
ordinate →rs along the interface. Then, the total
phase shift F(→rs)þ ∫BA

→
k ⋅ d→r will be stationary

for the actual path that light takes;
→
k is the wave

vector of the propagating light. This provides a
generalization of the laws of reflection and re-
fraction, which is applicable to a wide range of
subwavelength structured interfaces between two
media throughout the optical spectrum.

Generalized laws of reflection and refraction.
The introduction of an abrupt phase shift, de-
noted as phase discontinuity, at the interface be-
tween two media allows us to revisit the laws of
reflection and refraction by applying Fermat’s
principle. Consider an incident plane wave at an
angle qi. Assuming that the two paths are infi-
nitesimally close to the actual light path (Fig. 1),
then the phase difference between them is zero

½koni sin(qi)dxþ (Fþ dF)� −
½kont sin(qt)dxþ F� ¼ 0 ð1Þ

where qt is the angle of refraction; F and F+dF
are, respectively, the phase discontinuities at the
locations where the two paths cross the interface;
dx is the distance between the crossing points; ni
and nt are the refractive indices of the two media;
and ko = 2p/lo, where lo is the vacuum wave-
length. If the phase gradient along the interface is
designed to be constant, the previous equation
leads to the generalized Snell’s law of refraction

sin(qt)nt − sin(qi)ni ¼ lo
2p

dF
dx

ð2Þ

Equation 2 implies that the refracted beam can
have an arbitrary direction, provided that a suit-
able constant gradient of phase discontinuity along
the interface (dF/dx) is introduced. Because of
the nonzero phase gradient in this modified Snell’s
law, the two angles of incidence Tqi lead to dif-
ferent values for the angle of refraction. As a
consequence, there are two possible critical an-

gles for total internal reflection, provided that
nt < ni:

qc ¼ arcsin þ−
nt
ni

−
lo
2pni

dF
dx

� �
ð3Þ

Similarly, for reflection we have

sin(qr) − sin(qi) ¼ lo
2pni

dF
dx

ð4Þ

where qr is the angle of reflection. There is a
nonlinear relation between qr and qi, which is
markedly different from conventional specular re-
flection. Equation 4 predicts that there is always a
critical angle of incidence

q′c ¼ arcsin 1 −
lo
2pni

���� dFdx
����

� �
ð5Þ

above which the reflected beam becomes
evanescent.

In the above derivation, we have assumed that
F is a continuous function of the position along
the interface; thus, all the incident energy is trans-
ferred into the anomalous reflection and refraction.
However, because experimentally we use an array
of optically thin resonators with subwavelength
separation to achieve the phase change along
the interface, this discreteness implies that there
are also regularly reflected and refracted beams,
which follow conventional laws of reflection
and refraction (dF/dx = 0 in Eqs. 2 and 4). The
separation between the resonators controls
the amount of energy in the anomalously re-
flected and refracted beams. We have also
assumed that the amplitudes of the scattered
radiation by each resonator are identical, so that
the reflected and refracted beams are plane waves.
In the next section, wewill showwith simulations—
which represent numerical solutions of Maxwell’s
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Fig. 1. Schematics used to derive the generalized
Snell’s law of refraction. The interface between the
two media is artificially structured in order to in-
troduce an abrupt phase shift in the light path,
which is a function of the position along the in-
terface. F and F + dF are the phase shifts where
the two paths (blue and red) cross the boundary.
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equations—how, indeed, one can achieve the
equal-amplitude condition and the constant phase
gradient along the interface through suitable de-
sign of the resonators.

There is a fundamental difference between the
anomalous refraction phenomena caused by phase
discontinuities and those found in bulk designer
metamaterials, which are caused by either negative
dielectric permittivity and negative magnetic
permeability or anisotropic dielectric permittivity
with different signs of permittivity tensor com-
ponents along and transverse to the surface (3, 4).

Phase response of optical antennas.The phase
shift between the emitted and the incident radia-
tion of an optical resonator changes appreciably

across a resonance. By spatially tailoring the geom-
etry of the resonators in an array and hence their
frequency response, one can design the phase
discontinuity along the interface and mold the
wavefront of the reflected and refracted beams in
nearly arbitrary ways. The choice of the reso-
nators is potentially wide-ranging, from electro-
magnetic cavities (9, 10) to nanoparticle clusters
(11, 12) and plasmonic antennas (13, 14). We
concentrated on the latter because of their widely
tailorable optical properties (15–19) and the ease
of fabricating planar antennas of nanoscale thick-
ness. The resonant nature of a rod antenna made
of a perfect electric conductor is shown in Fig.
2A (20).

Phase shifts covering the 0-to-2p range are
needed to provide full control of the wavefront.
To achieve the required phase coverage while
maintaining large scattering amplitudes, we used
the double-resonance properties of V-shaped an-
tennas, which consist of two arms of equal length
h connected at one end at an angle D (Fig. 2B).
We define two unit vectors to describe the ori-
entation of aV-antenna: ŝ along the symmetry axis
of the antenna and â perpendicular to ŝ (Fig. 2B).
V-antennas support “symmetric” and “antisym-
metric”modes (Fig. 2B, middle and right), which
are excited by electric-field components along ŝ
and â axes, respectively. In the symmetric mode,
the current distribution in each arm approximates

Fig. 2. (A) Calculated phase and amplitude of
scattered light from a straight rod antenna made of
a perfect electric conductor (20). The vertical dashed
line indicates the first-order dipolar resonance of
the antenna. (B) A V-antenna supports symmetric
and antisymmetric modes, which are excited, re-
spectively, by components of the incident field along
ŝ and â axes. The angle between the incident po-
larization and the antenna symmetry axis is 45°.
The schematic current distribution is represented
by colors on the antenna (blue for symmetric and
red for antisymmetric mode), with brighter color
representing larger currents. The direction of cur-
rent flow is indicated by arrows with color gradient.
(C) V-antennas corresponding to mirror images of
those in (B). The components of the scattered elec-
tric field perpendicular to the incident field in (B)
and (C) have a p phase difference. (D and E) An-
alytically calculated amplitude and phase shift of
the cross-polarized scattered light for V-antennas
consisting of gold rods with a circular cross section
and with various length h and angle between the
rods D at lo = 8 mm (20). The four circles in (D) and
(E) indicate the values of h and D used in exper-
iments. The rod geometry enables analytical cal-
culations of the phase and amplitude of the scattered
light, without requiring the extensive numerical
simulations needed to compute the same quan-
tities for “flat” antennas with a rectangular cross-
section, as used in the experiments. The optical
properties of a rod and “flat” antenna of the same
length are quantitatively very similar, when the
rod antenna diameter and the “flat” antenna
width and thickness are much smaller than the
length (20). (F) Schematic unit cell of the plasmonic
interface for demonstrating the generalized laws of
reflection and refraction. The sample shown in Fig. 3A
is created by periodically translating in the x-y plane
the unit cell. The antennas are designed to have
equal scattering amplitudes and constant phase
differenceDF = p/4 between neighbors. (G) Finite-
difference time-domain (FDTD) simulations of the
scattered electric field for the individual antennas
composing the array in (F). Plots show the scat-
tered electric field polarized in the x direction for
y-polarized plane wave excitation at normal in-
cidence from the silicon substrate. The silicon
substrate is located at z ≤ 0. The antennas are equally spaced at a sub-
wavelength separation G/8, where G is the unit cell length. The tilted red
straight line in (G) is the envelope of the projections of the spherical waves
scattered by the antennas onto the x-z plane. On account of Huygens’s

principle, the anomalously refracted beam resulting from the superposi-
tion of these spherical waves is then a plane wave that satisfies the
generalized Snell’s law (Eq. 2) with a phase gradient |dF/dx| = 2p/G along
the interface.
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that of an individual straight antenna of length
h (Fig. 2B, middle), and therefore the first-order
antenna resonance occurs at h ≈ leff/2, where
leff is the effective wavelength (14). In the anti-
symmetric mode, the current distribution in each
arm approximates that of one half of a straight
antenna of length 2h (Fig. 2B, right), and the
condition for the first-order resonance of this
mode is 2h ≈ leff/2.

The polarization of the scattered radiation
is the same as that of the incident light when
the latter is polarized along ŝ or â. For an ar-
bitrary incident polarization, both antenna modes
are excited but with substantially different am-
plitude and phase because of their distinctive reso-
nance conditions. As a result, the scattered light
can have a polarization different from that of the
incident light. These modal properties of the
V-antennas allow one to design the amplitude,
phase, and polarization state of the scattered light.
We chose the incident polarization to be at 45°
with respect to ŝ and â so that both the symmetric
and antisymmetric modes can be excited and
the scattered light has a substantial component
polarized orthogonal to that of the incident light.
Experimentally, this allows us to use a polarizer
to decouple the scattered light from the excitation.

As a result of the modal properties of the
V-antennas and the degrees of freedom in choosing
antenna geometry (h and D), the cross-polarized
scattered light can have a large range of phases
and amplitudes for a given wavelength lo; ana-

lytical calculations of the amplitude and phase
response of V-antennas assumed to be made of
gold rods are shown in Fig. 2, D and E. In Fig.
2D, the blue and red dashed curves correspond to
the resonance peaks of the symmetric and anti-
symmetric modes, respectively. We chose four
antennas detuned from the resonance peaks, as
indicated by circles in Fig. 2, D and E, which
provide an incremental phase of p/4 from left to
right for the cross-polarized scattered light. By
simply taking the mirror structure (Fig. 2C) of an
existing V-antenna (Fig. 2B), one creates a new
antenna whose cross-polarized radiation has an ad-
ditional p phase shift. This is evident by observing
that the currents leading to cross-polarized radia-
tion are p out of phase in Fig. 2, B and C. A set of
eight antennas were thus created from the initial
four antennas, as shown in Fig. 2F. Full-wave sim-
ulations confirm that the amplitudes of the cross-
polarized radiation scatteredby the eight antennas are
nearly equal,with phases inp/4 increments (Fig. 2G).

A large phase coverage (~300°) can also be
achieved by using arrays of straight antennas (fig.
S3). However, to obtain the same range of phase
shift their scattering amplitudes will be substan-
tially smaller than those of V-antennas (fig. S3).
As a consequence of its double resonances, the
V-antenna instead allows one to design an array
with phase coverage of 2p and equal, yet high,
scattering amplitudes for all of the array elements,
leading to anomalously reflected and refracted
beams of substantially higher intensities.

Experiments on anomalous reflection and
refraction. We demonstrated experimentally the
generalized laws of reflection and refraction
using plasmonic interfaces constructed by peri-
odically arranging the eight constituent antennas
as explained in the caption of Fig. 2F. The spacing
between the antennas should be subwavelength
so as to provide efficient scattering and to prevent
the occurrence of grating diffraction. However, it
should not be too small; otherwise, the strong near-
field coupling between neighboring antennas
would perturb the designed scattering amplitudes
and phases. A representative sample with the
densest packing of antennas,G = 11 mm, is shown
in Fig. 3A, where G is the lateral period of the
antenna array. In the schematic of the experimen-
tal setup (Fig. 3B), we assume that the cross-
polarized scattered light from the antennas on the
left side is phase-delayed as compared with the
ones on the right. By substituting into Eq. 2 –2p/G
for dF/dx and the refractive indices of silicon
and air (nSi and 1) for ni and nt, we obtain the
angle of refraction for the cross-polarized beam

qt,⊥ = arcsin[nSisin(qi) – lo/G]

Figure 3C summarizes the experimental results
of the ordinary and the anomalous refraction for
six samples with different G at normal incidence.
The incident polarization is along the y axis in
Fig. 3A. The sample with the smallest G corre-
sponds to the largest phase gradient and the most

Fig. 3. (A) Scanning electron microscope (SEM)
image of a representative antenna array fabricated
on a silicon wafer. The unit cell of the plasmonic
interface (yellow) comprises eight gold V-antennas
of width ~220 nm and thickness ~50 nm, and it
repeats with a periodicity of G = 11 mm in the x
direction and 1.5 mm in the y direction. (B) Schematic
experimental setup for y-polarized excitation (electric
field normal to the plane of incidence). (C and D)
Measured far-field intensity profiles of the refracted
beams for y- and x-polarized excitations, respective-
ly. The refraction angle is counted from the normal
to the surface. The red and black curves are mea-
sured with and without a polarizer, respectively, for
six samples with differentG. The polarizer is used to
select the anomalously refracted beams that are
cross-polarized with respect to the excitation. The
amplitude of the red curves is magnified by a factor
of two for clarity. The gray arrows indicate the
calculated angles of anomalous refraction according
to Eq. 6.

ð6Þ
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efficient light scattering into the cross-polarized
beams. We observed that the angles of anoma-
lous refraction agree well with theoretical pre-
dictions of Eq. 6 (Fig. 3C). The same peak
positions were observed for normal incidence,
with polarization along the x axis in Fig. 3A (Fig.
3D). To a good approximation, we expect that the
V-antennas were operating independently at the
packing density used in experiments (20). The
purpose of using a large antenna array (~230 mm
by 230 mm) is solely to accommodate the size
of the plane-wave–like excitation (beam radius
~ 100 mm). The periodic antenna arrangement
is used here for convenience but is not necessary
to satisfy the generalized laws of reflection and
refraction. It is only necessary that the phase
gradient is constant along the plasmonic interface
and that the scattering amplitudes of the antennas
are all equal. The phase increments between
nearest neighbors do not need to be constant, if
one relaxes the unnecessary constraint of equal
spacing between nearest antennas.

The angles of refraction and reflection are
shown in Fig. 4, A and B, respectively, as a
function of qi for both the silicon-air interface
(black curves and symbols) and the plasmonic
interface (red curves and symbols) (20). In the
range of qi = 0° to 9°, the plasmonic interface

Fig. 4. (A) Angle of refraction versus angle of incidence for the ordinary (black curve and triangles)
and anomalous refraction (red curve and dots) for the sample with G = 15 mm. The curves are
theoretical calculations made by using the generalized Snell’s law for refraction (Eq. 2), and the
symbols are experimental data extracted from refraction measurements as a function of the angle of
incidence (20). The shaded region represents “negative” refraction for the cross-polarized light, as
illustrated in the inset. The blue arrows indicate the modified critical angles for total internal reflection.
(B) Angle of reflection versus angle of incidence for the ordinary (black curve) and anomalous (red
curve and dots) reflection for the sample with G = 15 mm. The top left inset is the zoom-in view. The
curves are theoretical calculations made by using Eq. 4, and the symbols are experimental data
extracted from reflection measurements as a function of the angle of incidence (20). The shaded
region represents “negative” reflection for the cross-polarized light, as illustrated in the bottom right
inset. The blue arrow indicates the critical angle of incidence above which the anomalously reflected
beam becomes evanescent. Experiments with lasers emitting at different wavelengths show that the
plasmonic interfaces are broadband, anomalously reflecting and refracting light from l ≈ 5 mm to l ≈
10 mm.

Fig. 5. (A) SEM image of a plasmonic interface that
creates an optical vortex. The plasmonic pattern
consists of eight regions, each occupied by one
constituent antenna of the eight-element set of Fig.
2F. The antennas are arranged so as to generate a
phase shift that varies azimuthally from 0 to 2p, thus
producing a helicoidal scattered wavefront. (B) Zoom-in
view of the center part of (A). (C and D) Respectively,
measured and calculated far-field intensity distributions
of an optical vortex with topological charge one. The
constant background in (C) is due to the thermal ra-
diation. (E and F) Respectively, measured and calcu-
lated spiral patterns created by the interference of the
vortex beam and a co-propagating Gaussian beam. (G
and H) Respectively, measured and calculated interfer-
ence patterns with a dislocated fringe created by the
interference of the vortex beam and a Gaussian beam
when the two are tilted with respect to each other. The
circular border of the interference pattern in (G) arises
from the finite aperture of the beam splitter used to
combine the vortex and the Gaussian beams (20). The
size of (C) and (D) is 60mm by 60mm, and that of (E)
to (H) is 30 mm by 30 mm.
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exhibits “negative” refraction and reflection for
the cross-polarized scattered light (schematics are
shown in the bottom right insets of Fig. 4, A and
B). The critical angle for total internal reflection
is modified to ~–8° and +27° (Fig. 4A, blue ar-
rows) for the plasmonic interface in accordance
with Eq. 3, comparedwith T17° for the silicon-air
interface; the anomalous reflection does not exist
beyond qi = –57° (Fig. 4B, blue arrow).

At normal incidence, the ratio of intensity R
between the anomalously and ordinarily refracted
beams is ~0.32 for the sample with G = 15 mm
(Fig. 3C). R rises for increasing antenna packing
densities (Fig. 3, C and D) and increasing angles
of incidence [up to R ≈ 0.97 at qi = 14° (fig.
S1B)]. Because of the experimental configuration,
we are not able to determine the ratio of intensity
between the reflected beams (20), but we expect
comparable values.

Vortex beams created by plasmonic interfaces.
To demonstrate the versatility of the concept of
interfacial phase discontinuities, we fabricated a
plasmonic interface that is able to create a vortex
beam (21, 22) upon illumination by normally in-
cident linearly polarized light. Avortex beam has
a helicoidal (or “corkscrew-shaped”) equal-phase
wavefront. Specifically, the beam has an azi-
muthal phase dependence exp(ilϕ) and carries an
orbital angular momentum of L ¼ lℏ per photon
(23). Here, the topological charge l is an integer,
indicating the number of twists of the wavefront
within one wavelength; ϕ is the azimuthal angle
with respect to the beam axis; and ℏ is the
reduced Planck constant. These peculiar states
of light are commonly generated by using a spiral
phase plate (24) or a computer-generated holo-
gram (25) and can be used to rotate particles (26)
or to encode information in optical communica-
tion systems (27).

The plasmonic interface was created by arrang-
ing the eight constituent antennas as shown in
Fig. 5, A and B. The interface introduces a spiral-
like phase shift with respect to the planar wave-
front of the incident light, creating a vortex beam
with l = 1. The vortex beam has an annular in-
tensity distribution in the cross section, as viewed
in a mid-infrared camera (Fig. 5C); the dark re-
gion at the center corresponds to a phase singu-
larity (22). The spiral wavefront of the vortex
beam can be revealed by interfering the beam
with a co-propagating Gaussian beam (25), pro-
ducing a spiral interference pattern (Fig. 5E). The
latter rotates when the path length of theGaussian
beam was changed continuously relative to that
of the vortex beam (movie S1). Alternatively, the
topological charge l = 1 can be identified by a
dislocated interference fringe when the vortex and
Gaussian beams interfere with a small angle (Fig.
5G) (25). The annular intensity distribution and
the interference patterns were well reproduced in
simulations (Fig. 5, D, F, and H) by using the
calculated amplitude and phase responses of the
V-antennas (Fig. 2, D and E).

Concluding remarks. Our plasmonic inter-
faces, consisting of an array of V-antennas, im-

part abrupt phase shifts in the optical path, thus
providing great flexibility in molding of the op-
tical wavefront. This breaks the constraint of stan-
dard optical components, which rely on gradual
phase accumulation along the optical path to
change the wavefront of propagating light. We
have derived and experimentally confirmed gen-
eralized reflection and refraction laws and studied
a series of intriguing anomalous reflection and
refraction phenomena that descend from the
latter: arbitrary reflection and refraction angles
that depend on the phase gradient along the
interface, two different critical angles for total
internal reflection that depend on the relative
direction of the incident light with respect to the
phase gradient, and critical angle for the reflected
beam to be evanescent. We have also used a
plasmonic interface to generate optical vortices
that have a helicoidal wavefront and carry orbit-
al angular momentum, thus demonstrating the
power of phase discontinuities as a design tool
of complex beams. The design strategies presented
in this article allow one to tailor in an almost
arbitrary way the phase and amplitude of an
optical wavefront, which should have major im-
plications for transformation optics and integrated
optics. We expect that a variety of novel planar
optical components such as phased antenna arrays
in the optical domain, planar lenses, polarization
converters, perfect absorbers, and spatial phase
modulators will emerge from this approach.

Antenna arrays in the microwave and
millimeter-wave regions have been used for the
shaping of reflected and transmitted beams in
the so-called “reflectarrays” and “transmitarrays”
(28–31). These typically consist of a double-layer
structure comprising a planar array of antennas
and a ground plane (in the case of reflectarrays)
or another array (in the case of transmitarrays),
separated by a dielectric spacer of finite thick-
ness. Reflectarrays and transmitarrays cannot be
treated as a single interface for which one can
write down the generalized laws because they
rely on both antenna resonances and the propa-
gation of waves in the spacer to achieve the
desired phase control. The generalization of the
laws of reflection and refraction we present is
made possible by the deeply subwavelength thick-
ness of our optical antenna arrays and their asso-
ciated abrupt phase changes, with no contribution
from propagation effects. These generalized laws
apply to the whole optical spectrum for suitable
designer interfaces and can be a guide for the
design of new photonic devices.
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Materials and Methods 

Gold V-antenna arrays, 230 μm × 230 μm in size, were fabricated using electron-
beam lithography on 280-μm thick intrinsic silicon wafers. The thickness of gold is 50 
nm and 10-nm titanium is used as the adhesion layer. The width of the antenna arms is 
~220 nm. The skin depth of gold (i.e., 1/e decay distance of the magnitude of electric 
field inside the metal) is ~25 nm at our operating wavelength λo ≈ 8 μm. The arrays were 
surrounded by opaque gold masks. Note that there is native SiO2 of a couple of 
nanometers on our silicon wafers, and the oxidation has a strong but narrow lattice 
absorption band centered at λo ≈ 9 µm (32). The experiments were not significantly 
affected because our operating wavelength was on the wings of this absorption band. 

 
To demonstrate the generalized laws of reflection and refraction, antenna arrays with 

different packing densities were fabricated: the eight-antenna unit cell repeats in the 
horizontal direction with a periodicity of Γ = 11, 13, 15, 17, 19, or 21 μm, and in the 
vertical direction with a periodicity of 1.5 μm (one representative sample with Γ = 11 μm 
is shown in Fig. 3A). The plasmonic interface for creating optical vortices consists of a 
square lattice of antennas with a lattice constant of 1.5 μm (Figs. 5A and B).  

 
A buried-heterostructure quantum cascade laser (QCL) with central wavelength 8 

μm and spectral width ~0.2 μm was used as the light source in the experiments for 
demonstrating the generalized laws of reflection and refraction. The QCL was operated in 
pulsed mode with 1.5-μs pulse width and 80-kHz repetition rate at room temperature and 
the average output power is about 5 mW. A one-inch diameter zinc selenide (ZnSe) lens 
with one-inch focal length was used to collimate the emission from the QCL and another 
one-inch diameter ZnSe lens with 20-inch focal length was used to focus the laser beam 
on the antenna array. The beam radius wo on the sample is ~100 μm (wo is the radius at 
which the field amplitude drops to 1/e of the peak value), and the Rayleigh length of the 
Gaussian beam is ~4 mm. This ensures that the whole antenna array is illuminated by a 
plane-wave-like excitation. The laser beam was incident from the back side of the silicon 
wafer, which was not decorated with antennas. Because of the gold masks surrounding 
the arrays, the fraction of the incident beam that is not impinging on the array was 
completely reflected. The sample was mounted at the center of a motorized rotation 
stage, and a liquid-nitrogen-cooled mercury-cadmium-telluride (MCT) detector ~15 cm 
away was angularly scanned to measure the far-field intensity profiles. Our 
measurements were performed with a resolution of 0.2 degrees. A polarizer was added 
between the sample and the detector to isolate antenna radiation cross-polarized with 
respect to the incident light. 

 
The experimental setup for creating and characterizing the vortex beams was based 

on the above setup except for the following changes. A distributed-feedback continuous-
wave QCL emitting monochromatic light at λo = 7.75 µm with average output power a 
few mW was used as the light source. The buried heterostructure QCL used in the 
previous experiment has multiple longitudinal modes, which blur interference fringes, 
making vortex characterization impossible. A beam splitter was placed in the path of the 
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incident beam, between the lens with 20-inch focal length and the sample. The 
transmitted light from the splitter impinged on the vortex sample (Fig. 5A), while the 
reflected light was flipped in polarization by 90 degrees and beam-expanded to serve as a 
reference beam. After passing through the sample, the output in crossed polarization was 
isolated by the polarizer and was then allowed to interfere with the reference beam. A 
mid-infrared camera was used to record the interference fringes.  
 

SOM Text 
Dipolar resonances of optical antennas 

The amplitude and phase response of the rod antenna presented in Fig. 2A is 
calculated by analytically solving Hallén’s integral equations for linear antennas (33). 
The antenna is located in vacuum and has a variable length L and a circular cross-section 
with radius a = L/50. Incident monochromatic light impinges normal to the axis of the 
rod and is polarized along it. The scattered light is monitored in the far-field along the 
direction of the incident light. The phase of the scattered light is defined relative to that of 
the excitation. 

 
The phase response versus the length of a straight rod antenna can be understood 

qualitatively in the following way. First, for an optically small antenna (L/λo << 1), the 
charges in the antenna instantaneously follows the incident field, exp( )inc incq E E i tω∝ =%% , 
where q%  is the accumulated charges at one end of the antenna. Therefore, the emitted 
light, which is proportional to the acceleration of the charges (Larmor formula (34)), is 

2 2 2/scat incE q t Eω∝ ∂ ∂ ∝ −% %% . That is, the incident and scattered light are π out of phase. At 
the first-order antenna resonance (L/λo ~ 1/2), the incident field is in phase with the 
current at the center of the antenna incI E∝% % and therefore drives the current most 
efficiently. As a result, 2 2/ /scat incE q t I t i Eω∝ ∂ ∂ ∝ ∂ ∂ ∝% % %% : the phase difference between 

scatE%  and incE% is π/2. For a long antenna with length comparable to the wavelength (L/λo ~ 
1), the antenna impedance (defined as the incident field divided by the current at the 
center of the antenna) is primarily inductive, incI iE∝−% % . Therefore, the scattered and 
incident light are almost in phase, /scat incE I t E∝ ∂ ∂ ∝% % % .  

 
In summary, at a fixed excitation wavelength, the antenna impedance changes from 

capacitive, to resistive, and to inductive cross a resonance as the antenna length increases. 
A single antenna resonance is therefore only able to provide a range of phase change at 
most π between the scattered and incident light without resorting to mirror structures as 
demonstrated in Figs. 2B and C.  

 
The phase coverage of a straight rod antenna cannot be extended beyond π by using 

higher-order antenna resonances. Figure S2 shows the first three resonances of a straight 
rod antenna calculated by solving Hallén’s integral equations (33). The phase of the 
scattered light changes within a range of π (Fig. S2A) and the phase shifts at all antenna 
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resonances are ~π/2 (Fig. S2A, zoom-in views). These phenomena can be understood by 
studying the instantaneous current distributions at antenna resonances. In Fig. S2B 
positive (negative) value of current means that the current flow is in the same (opposite) 
direction with respect to that of the instantaneous incident electric field. The number of 
positive lobes in any current distribution is larger than that of negative lobes by one (for 
example, three versus two for the third-order antenna resonance). Therefore, at 
resonances, the far-field radiation monitored in the broadside direction (perpendicular to 
the antenna axis) is contributed primarily by one positive current lobe (radiations 
generated by a pair of lobes with opposite signs interfere destructively) and will have the 
same phase. Indeed, in theory, for an infinitely-thin antenna made of perfect electric 
conductors, the phase shift between the scattered and incident light will always be π/2 at 
resonances (33). It is not exactly π/2 in our calculations because of the finite antenna 
radius. 

 
Figure S2C shows the far-field radiation profiles for the first three antenna 

resonances. Antennas at higher-order resonances support current standing waves with 
multiple lobes, leading to complicated radiation patterns with a non-uniform spatial phase 
distribution. They are therefore undesirable for the construction of plasmonic interfaces. 
Antennas operating at the first-order resonance instead produce spherical wavefronts 
(33): the phase of radiation is constant over the wavefront and the main lobe of the 
radiation is broad (Fig. S2C). In our experiments the V-antennas were designed to 
operate in the vicinity of the first-order resonance for both the symmetric and 
antisymmetric modes (Fig. 2D). 

 
Plasmonic interface consisting of straight antennas 

A plasmonic interface conceptually simpler than the one presented in the main text 
could be constructed using arrays of straight rod antennas. The phase and amplitude of 
the cross-polarized radiation could be controlled by the length and orientation of the rods 
(Fig. S3). However, the phase shift cannot cover the complete 2π range while 
maintaining large scattering amplitudes in this case.  

 
Figures S3A and B show, respectively, the amplitude and phase shift of cross-

polarized radiation from a straight rod antenna as a function of its length and orientation. 
When the rod is aligned with the incident polarization, the largest antenna current is 
excited but no light is scattered into the orthogonal polarization direction; when the rod is 
perpendicular to the incident polarization, no antenna current is excited. Therefore, the 
amplitude of the cross-polarized scattered light vanishes for Θ = 0, 90, and 180 degrees in 
Fig. S3A; Θ is the angle between the rod axis and the incident polarization. The 
scattering of light into the cross-polarization is most efficient when Θ = 45 or 135 
degrees. The phases of antenna radiation differ by π for mirror-symmetric antennas with 
orientation angles Θ and 180 − Θ degrees, respectively (the left and right halves of Fig. 
S3B).  

 
To reconstruct plane waves from the cross-polarized scattered waves from an 

antenna array, the scattering amplitude of the array elements must be constant. This 
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constraint defines a family of equal-value contours in the amplitude response as a two 
dimensional function of the antenna's parameters L and Θ. One such contour is shown as 
the dashed curve in Fig. S3A. The curve represents the loci of mutually compatible 
parameters L and Θ, in terms of the same amplitude response. The transfer of each 
contour to the phase response diagram shows the available phase range for that specific 
amplitude. For the previous example, the dashed curve in Fig. S3B indicates that the 
available phase coverage is only about 110 degrees, from -30 degrees to -140 degrees, for 
a scattering amplitude about half of the maximum value. This phase range can be doubled 
to about 220 degrees with mirror-symmetric antennas. The phase coverage can 
potentially reach ~325 degrees (according to the color map of Fig. S3B) for rod antennas 
but the corresponding scattering amplitude will be very small. As a consequence of its 
double resonances, the V-antenna discussed in the main text instead allows one to design 
an array with phase coverage of 2π and large scattering amplitudes (~75% of the 
maximum, according to Fig. 2D) for all of the array elements. 

 
Scattering and absorption cross-sections of V-antennas 

The simulated scattering and absorption cross-sections for the four constituent 
antennas (Figs. 2D and E) are shown in Fig. S4. These were calculated based on finite-
different time-domain simulations using realistic materials properties (35). The 
simulation results indicate that at λo = 8 µm the scattering cross-sections σscat of the 
antennas range from 0.7 to 2.5 μm2, which are comparable to or smaller than the average 
area each antenna occupies, σaver (i.e., the total area of the array divided by the number of 
antennas). For example, σaver is ~2.06 μm2 for the sample with the densest packing 
corresponding to Γ= 11 μm (Fig. 3A). Therefore, it is reasonable to assume that near-
field coupling between antennas will introduce only small deviations from the response 
of isolated antennas. Figure S4 also shows that the absorption cross-sections σabs are ~5-7 
times smaller than σscat, indicating comparatively small Ohmic losses in the antennas. 

 
Analytical model for V-antennas 

The optical properties of V-antennas are calculated by solving the integral equations 
for the currents of the symmetric and antisymmetric antenna modes. Once the current 
distributions are known, the far-field radiation of V-antennas can be readily calculated. 
Note that the complete derivation is lengthy and we only describe the framework of our 
model, which includes:  

 
1. The integral equations and boundary conditions for the symmetric and 

antisymmetric antenna modes, and  
2. The analytical solutions to the equations based on an iteration method. 
 
We assume that the V-antennas are made of gold rods with a circular cross-section 

with radius a embedded in a homogenous dielectric material with refractive index neff 
(Fig. S5). Such geometry is chosen for the convenience of analytical derivation. We 
choose appropriate a and neff to make sure a proper modeling of the V-antennas used in 
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experiments, which were fabricated on silicon substrates and have a rectangular cross-
section. 

 
1. The antenna radius a was chosen to be 100 nm. Simulations show that gold rod 

antennas with such dimensions have very similar optical responses, in terms of the 
positions and the widths of the resonance peaks, compared to gold antennas with a 
rectangular cross-section of 220 nm × 50 nm (all other geometry and simulation 
conditions kept the same). 

2. The effective refractive index neff was chosen to be 2.6. Simulations of straight 
rectangular antennas placed on a silicon substrate were conducted and neff was extracted 
by using an empirical formula for the first-order antenna resonance (36): λres ≈ 
2.1(L+w)neff , where λres is the resonance wavelength, L and w are, respectively, the 
antenna length and width. The extracted value is close to theoretical estimation of neff 
(36): neff  ≈ [(nair

2+ nSi
2)/2]1/2 = 2.52, where nSi = 3.4 is the refractive index of silicon at λo 

= 8 μm.  
 
In our theoretical model, the V-antenna is located in the z-x plane (Fig. S5). The two 

antenna rods, denoted No. 1 and No. 2, are aligned with z- and s-axis, respectively. The 
wavevector of the linearly polarized incident light, β

r
, lies in the symmetry plane of the 

V-antenna (light blue in Fig. S5A) and the angle between β
r

 and the z-x plane is θ.  
 
The antenna response can be decomposed into a linear combination of two modes 

characterized by symmetric and antisymmetric current distributions as discussed in the 
main text. For the antisymmetric mode, the currents in the two rods satisfy:  

( ) ( )1 2
a a
z sI z I s= −   for z s=      (s1) 

while for the symmetric mode: 
( ) ( )1 2

s s
z sI z I s=     for z s=      (s2) 

where we have used superscripts “a” and “s” to distinguish the two modes. 
 

The boundary condition on the surface of the rod No. 1 reads: 
21

1 1 1 12 0z z z
jE j A A A

z z
φ ωω β

β
∂ ∂⎛ ⎞= − − = − ∇⋅ + =⎜ ⎟∂ ∂⎝ ⎠

r
       (s3) 

where 1A
r

 and 1φ  are the vector and scalar potentials on the surface of the rod No. 1, 

respectively, 1zA  is the z-component of 1A
r

, β  is wavevector, and ω  is angular 

frequency. Note that we have used the Lorentz gauge 
2

1 1A j β φ
ω

∇ ⋅ = −
r

. Equation (s3) 

states that the tangential component of the electric field on the surface of the rod E1z is 
zero, which is only valid for antennas made of perfect electric conductors. It can be 
generalized to account for realistic metals, which will be discussed at the end of this 
section. 
 

There are two additional boundary conditions at the ends and joint of the V-antenna. 
For the antisymmetric mode, we have: 
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1 2( ) ( ) 0a a
z sI z h I s h= = = =           (s4) 

1 2( 0) ( 0) 0a az sφ φ= = = =            (s5) 
The latter is due to antisymmetry: the scalar potentials of the two rods must have opposite 
signs and the same magnitude for the antisymmetric mode, 1 2( ) ( )a az sφ φ= − ; meanwhile, 
due to electrical contact of the two rods at the joint, we should have 1 2( 0) ( 0)a az sφ φ= = =
. As a result, the scalar potentials at the joint can only be zero. 
 

For the symmetric mode, we have: 
1 2( ) ( ) 0s s
z sI z h I s h= = = =                   (s6) 
( ) ( )1 20 0 0s s

z sA z A s= = = ≈                (s7) 
The vector potentials at the joint are nearly zero because they are primarily determined by 
the currents in the immediate vicinity of the joint (Eqs. (s9)-(s11)), which are nearly zero 
for the symmetric mode. For a better approximation, one can calculate ( )1 0s

zA z =  
assuming that the current distribution in the rods is the same as that of an isolated straight 
rod antenna of length h and use the result to replace the zero at the right-hand side of (s7). 
 

There are three contributions to the vector potential on an antenna rod: that due to 
the current distribution of the antenna rod (“self interaction”), that due to the current 
distribution of the other antenna rod (“mutual interaction”), and that due to the incident 
light. For example, 1 11 12 13

a a a a
z z z zA A A A= + +  is the vector potential on the surface of the first 

antenna rod for the antisymmetric mode, where the three terms on the right-hand side 
represent the three contributions, respectively. As a result, Eq. (s3) can be rewritten as  

( ) ( )
2 2

11 12 2 212
11 12 13 132 0

a a a
z z a a a ax

z z z

A A AA A A A
z z x z

β β
⎡ ⎤∂ + ∂ ∂⎛ ⎞⎢ ⎥+ + + + ∇ ⋅ + =⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠⎢ ⎥⎣ ⎦

r

       
 (s8) 

where 

( ) ( )11 1 1 10
( )exp , / ,

4
ha ao

z zA I z j R z z R z z dzμ β
π

′ ′ ′ ′= −⎡ ⎤⎣ ⎦∫                (s9) 

( ) ( ) ( )

( ) ( ) ( )

12 2 12 120

1 12 120

cos ( )exp , / ,
4

cos ( )exp , / ,
4

ha ao
z s

h ao
z

A I s j R z s R z s ds

I z j R z z R z z dz

μ β
π

μ β
π

′ ′ ′ ′= Δ −⎡ ⎤⎣ ⎦

′ ′ ′ ′= − Δ −⎡ ⎤⎣ ⎦

∫

∫
               (s10) 

( ) ( ) ( )12 1 12 120
sin ( )exp , / ,

4
ha ao

x zA I z j R z z R z z dzμ β
π

′ ′ ′ ′= − Δ −⎡ ⎤⎣ ⎦∫                    (s11) 

are, respectively, contributions to the vector potential on the rod No. 1 from its own 
current, and from the z- and x-component of the current in the rod No. 2. 

2 2
1( , ) ( )R z z z z a′ ′= − + and ( )2 2 2

12 ( , ) 2 cosR z s z zs s a′ ′ ′= − Δ + +  are, respectively, 
the distances between the element of integration on the two rods (primed coordinates) 
and the monitor point on the rod No. 1 (Fig. S5B). oμ is the magnetic permeability of the 
surrounding dielectric. Note that in (s10) and (s11), we have used the antisymmetric 
condition (s1). 
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The contribution to the vector potential on the rod No. 1 from the incident light 

satisfies the following equation (33): 
3 2

2
13 13 2(1 ) exp( )a a a

z inc
j qA A U jqz

z
ββ
ω β

∂
∇⋅ + = −

∂

r
        (s12) 

in which 
( ) ( )cos cos / 2q β θ= Δ                    (s13) 

and 

( )
( ) ( ) ( )2 2 2

sin / 2
sin cos sin / 2

a
inca

inc

E
U

β θ θ
Δ

=
⎡ ⎤+ Δ⎣ ⎦

         (s14) 

where a
incE  is the component of the incident electric field that drives the antisymmetric 

mode (Fig. S5A).  
 

Using (s8) and boundary condition (s5), we can derive the integral equation for the 
current in the rod No. 1 for the antisymmetric mode: 

( ) ( )1 10

4 4( ) ( , ) cos sin ( ) exp( )
h a a a a a

z inc inc
o o

j jq jI z K z z dz C z U z J z U jqzπ πβ β
η β η

⎡ ⎤−′ ′ ′ = − + −⎢ ⎥
⎣ ⎦

∫      

(s15) 
where  

( ) ( ) ( ) ( ) ( ) ( )1 1 12 12, exp , / , cos exp , / ,aK z z j R z z R z z j R z z R z zβ β′ ′ ′ ′ ′= − − Δ −⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦         
(s16) 

( ) [ ] [ ]{ } [ ]2 3
1 12 12 120 0

( ) sin ( ) 1 ( , ) exp ( , ) / ( , ) cos ( )
z ha a

zJ z I z j R w z j R w z R w z z dz z w dwβ β β′ ′ ′ ′ ′ ′= Δ + − −∫ ∫
(s17) 

oη  is the impedance of the surrounding medium, and C1 in (s15) is a constant to be 
determined.  
 

We then follow an iteration procedure as discussed in Ref. (33) and use boundary 
condition (s4) to eliminate C1 and solve the integral equation (s15). The current 
distribution in the rod No.1 for the antisymmetric mode to the nth-order correction is: 

0 0 0 0

0 0 0 0
1

0

/ ( ) / ( ) / /

( ) / / / ( ) /
4( )

( ) /

n n n n
a a am a am a am a am
inc mz m m mz

m m m m

n n n n
a a am a am a am a am
inc m mz mz m

m m m ma
z na

a amo
m

m

U H F h H h F

jqU G h F G F h
jI z

F h

ψ ψ ψ ψ

ψ ψ ψ ψ
βπ

η ψ ψ

= = = =

= = = =

=

⎡ ⎤− +⎢ ⎥⎣ ⎦
⎡ ⎤−⎢ ⎥− ⎣ ⎦=

∑ ∑ ∑ ∑

∑ ∑ ∑ ∑

∑
        

(s18) 
in which  

( ) ( )
( ) ( ) ( )

0

cos cos
,

cos cos
ha az h

K z z dz
z h

β β
ψ

β β
′ −

′ ′=
−∫              (s19) 
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( ) ( )a a a
mz m mF F z F h= − , ( ) ( )a a a

mz m mG G z G h= − , ( ) ( )a a a
mz m mH H z H h= −            (s20) 

( )0 ( ) cosaF z zβ= , ( )0 ( ) sinaG z zβ= , 0 ( ) exp( )aH z jqz=               (s21) 
and 

1, 1, 1 1,0
( ) ( , ) ( ( ) , )

ha a a a a a a a
m m z m z z m zX z X X K z z dz J I z X zψ ′ ′− − −′ ′ ′= − + =∫        for  1m≥            

(s22) 
where X  can be F , G , or H , and 1 1,( ( ) , )a a a

z m zJ I z X z′−′ =  is the same as ( )aJ z  in (s17) 

but with 1,
a
m zX ′−  substituted for 1 ( )a

zI z′ .  
 

According to (s18), the solution with the first-order correction is: 

( ) ( ) [ ]

( )
1

1 ,1
1

exp( )cos exp( )cos sin ( ) ( ) /
4( )

cos /

a a a a
inc inc

a
z st a a a

o

jqU jqh z jqz h U h z M z
jI z

h A

β β β ψ
π β

η ψ β ψ

− − + − +⎡ ⎤⎣ ⎦−
=

+
(s23) 

where 
1 0 1 1 0 0 1 1 0

0 1 1 0 0 1 1 0

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

a a a a a a a a
inc z z z z

a a a a a a a
inc z z z z

M z U H F h H F h H h F H h F

jq U G h F G h F G F h G F h
β

⎡ ⎤= + − −⎣ ⎦

⎡ ⎤+ + − −⎣ ⎦
           (s24) 

and 
1 1 ( )a aA F h=                (s25) 

 
The zeroth-order current for normal incidence ( 0q = ) is 

( ) ( )
( )1 ,0,

cos cos4( )
cos

a
a inc
z normal a

o

z hjUI z
h

β βπ
η ψ β

−
=              (s26) 

which is exactly the same as the zeroth-order solution of the current in an infinitely-thin 
straight receiving antenna of length 2h  (33). This makes sense because in the zeroth-
order approximation the electromagnetic interactions between different parts of a V-
antenna are not considered. Therefore its optical response is only determined by the 
antenna length as shown in (s26). 
 

We can similarly derive the integral equation for the current in the rod No. 1 for the 
symmetric mode: 

( ) ( )1 20

4 4( ) ( , ) cos sin ( ) exp( )
h s s s s s

z inc inc
o o

j jI z K z z dz U z C z J z U jqzπ πβ β
η η
−′ ′ ′ ⎡ ⎤= − + + −⎣ ⎦∫     

(s27) 
where 

( ) ( ) ( ) ( ) ( ) ( )1 1 12 12, exp , / , cos exp , / ,sK z z j R z z R z z j R z z R z zβ β′ ′ ′ ′ ′= − + Δ −⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦        
(s28) 

[ ] ( ){ }0

4( ) ( ) cos ( ) sin ( 0)
zs s s

x x
o

jJ z w z w dw z zπ β ξ β β ξ
η

= − − =∫        (s29) 
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( ) ( ) ( ) ( )2 3
1 12 12 122 0

( ) sin ( ) 1 , exp , / ,
4

hs so
x z

jz I z j R z z j R z z R z z z dzωμξ β β
πβ

′ ′ ′ ′ ′ ′= Δ + −⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦∫
      

(s30)
 ( ) ( )

( ) ( ) ( )2 2 2

sin cos / 2
sin cos sin / 2

s
incs

inc

E
U

θ
β θ θ

Δ
=

⎡ ⎤+ Δ⎣ ⎦
       (s31) 

in which s
incE  is the component of the incident electric field that drives the symmetric 

mode (Fig. S5A).  
 

The current distribution in the rod No.1 for the symmetric mode to the nth-order 
correction is 

0 0 0 0

0 0 0 0
1

0

( ) / / / ( ) /

/ ( ) / ( ) / /
4( )

( ) /

n n n n
s s sm s sm s sm s sm
inc m mz mz m

m m m m

n n n n
s s sm s sm s sm s sm
inc mz m m mz

m m m ms
z ns

s smo
m

m

U F h G F G h

U H G h H h G
jI z

G h

ψ ψ ψ ψ

ψ ψ ψ ψ
π

η ψ ψ

= = = =

= = = =

=

⎡ ⎤−⎢ ⎥⎣ ⎦
⎡ ⎤+ −⎢ ⎥− ⎣ ⎦=

∑ ∑ ∑ ∑

∑ ∑ ∑ ∑

∑
            

(s32) 
where 

[ ] ( ) ( )
[ ] ( ) ( ) ( )

0

sin ( ) sin sin
,

sin ( ) sin sin
hs sh z z h

K z z dz
h z z h

β β β
ψ

β β β

′ ′− − −⎡ ⎤⎣ ⎦ ′ ′=
− − −⎡ ⎤⎣ ⎦

∫
           

(s33)
 

and F, G, and H are similarly defined as in (s20)-(s22). 
 

The current distribution with the first-order correction is: 
[ ] ( ) ( ) ( ) ( )

( )
1

1 ,1
1

sin ( ) exp sin exp sin ( ) /4( )
sin /

s s s s
inc incs

z st s s s
o

U h z U jqh z jqz h M zjI z
h A

β β β ψπ
η ψ β ψ

− − − − +⎡ ⎤− ⎣ ⎦=
+

  (s34) 
where 

1 0 1 1 0 0 1 1 0

0 1 1 0 0 1 1 0

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

s s s s s s s s
inc z z z z

s s s s s s s
inc z z z z

M z U F h G F h G F G h F G h

U H G h H G h H h G H h G

⎡ ⎤= + − −⎣ ⎦
⎡ ⎤+ + − −⎣ ⎦

            (s35) 

and 
1 1 ( )s sA G h=                   (s36) 

 
The zeroth-order current for normal incidence ( 0q = ) is  

[ ] ( ) ( )
( )1 ,0,

sin ( ) sin sin4( )
sin

s
s inc
z normal s

o

h z z hjUI z
h

β β βπ
η ψ β

− + −⎡ ⎤⎣ ⎦=          (s37) 

Let 2h h′=  and z z h′ ′= +  in (s37), we have 
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( ) ( )
( )1 ,0, 2

cos cos4( ) |
cos

s
s inc
z normal h h s

z z h o

z hjUI z
h

β βπ
η ψ β′=

′ ′= +

′ ′−
=

′
         (s38) 

Thus we recover the zeroth-order current distribution in an infinitely-thin straight 
receiving antenna of length 2h h′ = . One can further check that according to (s37):  

1 ,0 ( 0) 0s
zI z = = ,                 (s39) 

That is, there is no current at the joint of the V-antenna for the symmetric mode. 
 

The above derivation assumes that the antenna is made of perfect electric 
conductors. To model real metals, one has to add a term to the right-hand side of (s3) and 
the new boundary condition on the surface of the rod No. 1 reads: 

2
1 1 12 ( ) i
z z z

jE A A z I
z

ω β
β

∂
= − ∇ ⋅ + =

∂

r
              (s40) 

where iz
 
is the surface impedance per unit length of the antenna (33): 

1
2 2 /

i m

r

z
a a j

η μ
π π ε σ ω

= =
− .                      

(s41)
 

The concept of surface impedance is valid for mid-infrared and longer wavelengths (37). 
If the displacement current is much smaller than the conduction current as in the case of 
highly conductive metals (ωεr << σ) the impedance per unit length of antenna will be

 1
2 2

i jz
a

ωμ
π σ
+

≈
              

(s42) 

 
As a result of the correction in (s40), one additional term should be added to (s22) 

for the antisymmetric mode and the similar expression for the symmetric mode (other 
equations previously derived will not change): 

( )1, 1, 1, 1 1,0 0

4( ) sin ( , ) ( ( ) , )
i z h

m m s m z m z z m z
o

j zX z X z s ds X X K z z dz J I z X zπ β ψ
η ′ ′− − − −′ ′ ′= − + − + =⎡ ⎤⎣ ⎦∫ ∫

        (s43)
  

Combining the results of current distributions for the antisymmetric and symmetric 
modes, (s18) and (s32), the currents in the two antenna rods can be written as 

1 1 1( ) ( ) ( )a s
z zI z I z I z= +            (s44) 

2 1 1( ) ( ) ( )a s
z zI s I s I s= − +          (s45) 

based on which one can calculate the amplitude and phase shift of antenna radiation in 
the far-field. Corrections up to the second order were used in our calculations (Figs. 2D 
and E in the main text). 

 
Effects of the silicon slab  

For an antenna array located on the interface between two semi-infinite spaces, air 
and silicon, the ratio of power emitted into the two spaces should be, in theory, equal to 
the ratio between their refractive indices (38, 39) (Fig. S6): 
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air

Si

na
b n
=                   (s46) 

which is about 1/3.4 at λo = 8 μm. This ratio will be modified for a silicon slab of finite 
thickness, which functions as a Fabry-Pérot resonator for the light radiated into the slab 
(Fig. S6). The power reflection coefficient at the bottom silicon-air interface is R1, while 
that at the top interface decorated with plasmonic antennas is R2. Keeping in mind that 
the spectral width of our laser source is larger than the Fabry-Pérot free spectral range by 
one order of magnitude, we sum the power instead of the amplitude of the antenna 
radiations exiting from the upper and lower surface of the silicon slab (Fig. S6) and 
obtain: 

( )1 2
,

1 2

1
1tran

bR R
I a

R R⊥

−
= +

−          (s47) 

( )1
,

1 2

1
1refl

b R
I

R R⊥

−
=

−          (s48) 

which are the intensities of the transmitted and reflected cross-polarized light, 
respectively. Therefore  

( )
( ) ( )

1
, ,

1 2 1 2

1
/

1 1refl tran

R b
I I

R R a R R b⊥ ⊥

−
=

− + −           (s49) 

To compare the theoretical ratio predicted by Eq. (s49) with experiments, we can set 
R2 ≈ R1 = 0.30, which leads to , ,/ 1.47refl tranI I⊥ ⊥ ≈ , in reasonably good agreement with our 
experimental value 1.69 (Fig. S3C at θi=0). The predicted theoretical value of 

, ,/refl tranI I⊥ ⊥ , in the absence of the Fabry-Pérot effect, would be otherwise about 3.42. 
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Fig. S1. (A) Schematic of the experimental setup for measuring far-field at different 
incident angles. (B) Measured far-field intensity as a function of the angular position of 
the mid-infrared detector α (defined in (A)) at different angles of incidence θi. The unit 
cell of the plasmonic interface has a lateral periodicity of Γ = 15 µm. Beams “0”, “1”, 
“2”, and “3” correspond to those labeled in (A). Beams “4” and “5” originate from the 
second-order diffraction of the periodic antenna array. At θi = 4.3 degrees beam “2” 
cannot be measured in our setup because it is counter-propagating with the incident 
beam. (C) Measured far-field intensity profiles with a polarizer in front of the detector. 
The polarizer filters out the scattered light that is polarized perpendicular to the incident 
light. 
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Fig. S2. (A) Upper panel: Phase and amplitude of scattered light from a straight rod 
antenna with a fixed length L and a high aspect ratio of 2000 (defined as rod length 
divided by rod diameter). The antenna is made of a perfect electric conductor and is in 
vacuum. The direction of incidence is normal to the antenna axis, and the incident 
polarization is along the antenna axis. The scattered light is monitored in a direction 
perpendicular to the antenna axis in the far-field. The antenna resonances are located at L 
≈ mλo/2, where m is an odd integer. Lower panels: Zoom-in views of the antenna’s 
response in the vicinity of the three resonances. The vertical dotted lines indicate the 
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peaks of the amplitude response. (B) and (C) are current distributions and far-field 
radiation patterns (|E|2) for the three resonances, respectively. The antenna is assumed to 
be oriented horizontally in (C). For clarity, the radiation profile for the first-order 
resonance is demagnified by a factor of 10 in (C). 
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Fig. S3. (A) Amplitude of the cross-polarized radiation from a straight rod antenna as a 
function of the antenna length L and orientation Θ for monochromatic excitation at 
wavelength λo. The antenna is in vacuum and has a radius a = λo/100. The dashed curve 
is an equal-amplitude contour. Schematics of antennas of various orientations are shown 
at the bottom of the figure. (B) Phase of the cross-polarized antenna radiation as a 
function of the antenna length L and orientation Θ. 
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Fig. S4. Scattering (red curves) and absorption (black curves) cross-sections of V-
antennas as a function of wavelength. Solid curves: length of antenna arms h = 0.75 μm, 
angle between antenna arms Δ = 180 degrees; Dashed curves: h = 0.94 μm, Δ = 120 
degrees; Dotted curves: h = 1.13 μm, Δ = 90 degrees; Dot-dashed curves: h = 1.35 μm, Δ 
= 60 degrees. The vertical line indicates the operating wavelength. 
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Fig. S5. (A) Schematics of the antenna geometry and excitation. The symmetry plane of 
the V-antenna is shown in light-blue. (B) Top view of the V-antenna. 
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Fig. S6. Antenna radiations into the silicon slab undergo multiple reflections, leading to a 
modified ratio of intensity between the anomalous refraction and reflection as compared 
to that of an antenna array placed on the interface between two semi-infinite spaces.  
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Movie S1 
Rotating spiral interference pattern created by tuning the optical path length of a 
reference beam relative to that of a vortex beam. The reference beam co-propagates with 
the vortex beam and its spherical-wave-like wavefront samples the helicoidal wavefront 
of the vortex beam, creating a spiral interference pattern. The intersection between the 
two wavefronts moves along the beam axis when the relative path length between the two 
beams is adjusted, producing a dynamically rotating spiral pattern. 
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