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Refraction at a smooth interface is accompanied by momentum transfer normal to the interface.
We show that corrugating an initially smooth, totally reflecting, non-metallic interface provides
a momentum kick parallel to the surface, which can be used to refract light negatively or positively. This new mechanism of negative refraction is demonstrated by visible light and microwave
experiments on grisms (grating-prisms). Single-beam all-angle-negative-refraction is achieved by
incorporating a surface grating on a flat multilayered material. This negative refraction mechanism
is used to create a new optical device, a grating lens. A plano-concave grating lens is demonstrated
to focus plane microwaves to a point image. These results show that customized surface engineering
can be used to achieve negative refraction even though the bulk material has positive refractive
index. The surface periodicity provides a tunable parameter to control beam propagation leading
to novel optical and microwave devices.
PACS numbers:

I.

INTRODUCTION

Negative refraction (NR) has been theoretically predicted [1] and experimentally realized [2, 3, 4, 5, 6] in
two types of materials. One consists of simultaneously
double negative permittivity and permeability material
[7, 8, 9, 10], leading to negative refractive index for the
medium. The other consists of a photonic crystal (PC)
[11, 12, 13], which is a periodic arrangement of scatterers
in which the group and phase velocities can be in different
directions leading to NR. In both cases, the bulk properties of the medium, which is inherently inhomogeneous,
can be described as having an effective negative refractive index. These new types of materials lead to new
applications such as perfect lens [14] and subwavelength
imaging [16] .
In this paper we describe a new mechanism for achieving NR that utilizes surface corrugation at an initially
smooth interface that is totally reflecting. Consider a
plane wave incident on the corrugated surface of a material with bulk refractive index n > 1 at an incident angle
θ (see Fig.1(a)). A single beam of light can be refracted
negatively or positively by (i) making the incident angle greater than the critical angle θ > θc = sin−1 (1/n)
which suppresses the zeroth and all positive orders, and
then (ii) tuning the corrugation wave vector to select the
−1 order. We demonstrate this concept experimentally
using grisms (grating prisms) at visible and microwave
frequencies. We further generalize this concept to eliminate the critical angle restriction and achieve all-anglenegative-refraction (AANR), which is demonstrated by
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negative lateral shift of an incident microwave beam by
a flat multilayered structure with a surface grating. The
presence of the surface grating changes the wave vector
in the bulk medium and gives a new handle to control
the emerging light from the interface. The corrugation
provides a momentum kick to the incident light, enabling
it to cross the interface and emerge refractively at angles
that can be controlled. We further use this mechanism to
create a new optical device: a transmission grating lens.
As a prototype, we demonstrate focusing of plane waves
by a plano-concave lens with a grating on the curved
surface.

II.

NEGATIVE REFRACTION WITH VISIBLE
LIGHT AND MICROWAVE

The parallel component of the incident wave vector ~k
along the surface is k|| = nk0 sin θ. Here k0 = 2π/λ is the
wave number and λ the wavelength in free space. Due to
the surface corrugation of periodicity as , the wave vector
along the grating surface is not conserved. The parallel
components of the transmitted and reflected wave vectors
along the grating surface are k||m = nk0 sin θ + 2mπ/as ,
according to the Floquet theorem [17]. Here m is the
order of the so-called Bragg waves. The radiating Bragg
waves into the air have −1 < n sin θ + mλ/as < 1. Otherwise, they will be evanescent, constituting the surface
waves. For incident angles larger than the critical angle, all the radiating Bragg waves have negative orders,
m < 0. Within the wavelength range as (1 + n sin θ)/2 <
λ < as (1 + n sin θ), only the m = −1 Bragg wave
will radiate from the grating surface into the air, which
we call the refracted beam with wave vector ~kf and
kf || = nk0 sin θ − 2π/as . For light within this range,
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an effective refractive index can be defined as
neff = n − λ/(as sin θ)

(1)

and Snell’s law applies. If as (1 + n sin θ)/2 < λ <
nas sin θ, neff > 0 the refraction will be positive while
for , as n sin θ < λ < as (1 + n sin θ), neff > 0 the refraction will be negative. This is illustrated in Fig. 1(a).
An experimental demonstration of NR at visible light
using this mechanism is shown in Fig. 1(b). A holographic transmission grating with ruling density 2400
lines/mm and estimated groove depth h ∼ 130 nm was
replicated on one of the sides of an equilateral right-angle
BK7 prism of size 2 cm. A collimated laser beam is incident on the hypotenuse and passes through the grating
surface of the grism. The incident angle at the grating is
the prism angle θ = π/4 which is greater than the critical
angle for the BK7 glass. Theoretical analysis indicates
that only the m = −1 order beam would radiate into
the air at negative angles if the incident light is within
435-860 nm wavelength range. Photographs of the experiments clearly indicate that the incident He-Ne (632.8
nm) laser beam “refracts” negatively with angle φ = 27◦
(see Fig. 1(b). Indeed this is indistinguishable from refraction by a prism made of a negative refractive index
material with neff = −0.63 for the red light. A sketch of
the main beam trajectories inside the glass is shown in
Fig. 1(b). All the beams can and have been explained by
diffraction theory. NR was also observed on this grism
for the green laser (532 nm) in which case neff = −0.29.

FIG. 1: (a) Wave vector diagram for negative refraction from
corrugated surface with grating period as . The red semicircle
is the equi-frequency surface (EFS) in the air while the blue
circle is the EFS in the dielectric. Here ~ki is the incident wave
vector in the glass, ~kf is the refracted one of minus one order
in the air. ~kr,0 and ~kr,−1 are the reflected wave vectors in
the dielectric of the zero-th and −1 order, respectively. (b)
Optical experiment demonstrating negative refraction using
a grism of size 2 cm with a grating density of 2400 lines/mm
on the upper short surface. The He-Ne laser beam is normally incident to the hypotenuse. The solid lines with arrows
indicate the propagation of the beams inside the grism.

The above experiments were repeated on an 1800
lines/mm grim with an estimated groove depth h ∼ 150
nm. In the case of the red light with normal incidence to
the hypotenuse, only the m = −1 beam will emerge negatively from the grating surface, whereas for the green

light the m = −1 order is diffracted positively with additional appearance of m = −2 order. Control experiments performed on regular prisms (without the grating)
show positive refraction or complete reflection without
any transmitted beam, depending on the incident angle,
as is to be expected.

For a fixed wavelength and groove geometry, the fraction of light diffracted into the m = −1 order depends
strongly on the polarization state of the incident light.
The intensity transmission efficiency η = I−1 /Iin for
m = −1 order was measured at different polarization
orientations of the incident light. A half-wave plate inserted between the grism and a polaroid is used to rotate
the orientation of the linearly polarized light. For the P polarization, the electric-field vector was parallel to the
groove whereas for the S-polarization it was perpendicular to the grooves. A maximum efficiency of 25% is attained for the 2400 lines/mm grism with the P -polarized
green light. The detailed transmission curves for different
polarization orientations are shown in Fig. 2(a).

For practical applications, the efficiency of the power
transmission is of primary concern. Since the direction
of the refracted beam is determined only by the surface
periodicity and not the detailed geometry of the grating, there is considerable freedom to design the grating
surface to optimize the transmission. To exploit this freedom for transmission enhancement, we consider a specific
grating, the lamellar grating. The transmission and reflection of waves were calculated using Bloch wave expansion method [18]. The transmission efficiency is plotted
as a function of the groove depth h and the filling ratio for
both the S- and P -polarizations at λ = 532 nm as shown
in Fig. 2(b) and 2(c), respectively. For groove depth
h < 50µm, the P -polarization can reach efficiency over
60%, for h ∼ 1µm and filling ratio 0.34. For h ∼ 0.4µm
and filling ratio is 0.4, the efficiency is 50%.

The concept of NR by using selective diffraction is applicable over a wide range of frequencies. This is further
exemplified by the grism experiments performed using
microwaves as shown in Fig. 3. The grism consists of
a right-angled polystyrene (ε = 2.56) prism with a surface grating of alumina rods next to the hypotenuse. The
alumina rods have diameter 0.635 cm with grating periodicity as = 2 cm. The experiments were carried out
in parallel-plate waveguide. The collimated microwave
beam incidents normally to the shortest side of the prism
and hits the hypotenuse with an incident angle θ = π/3.
As shown in Fig. 3 at 9 GHz, the beam emerges as if
it was refracted negatively at an angle φ = −16◦ , leading to neff = −0.32. NR was observed between 6.3-10.8
GHz. Experimental data are in excellent agreement with
theory and numerical simulations.
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FIG. 3: Microwave experiment demonstration of negative refraction by a polystyrene grism with surface grating period
as = 2 cm and incident angle θ = π/3 at 9 GHz. The solid
arrows on the left indicate the incident direction of the microwave beam. The dashed line is the surface normal and the
dashed arrow indicates the direction of propagation of the
refracted beam.

The effective refractive index is
neff = n − λ/a

FIG. 2: Transmission efficiency through a grism. (a) Experimental measurement of the transmission efficiency for different polarization of the BK7 grism with 2400 lines/mm. Calculated transmission efficiency of the S-polarization (b) and
P-polarization (c) with incident angle π/4 for λ = 532 nm
through a lamellar grating on BK7 glass. The surface period
of the lamellar grating has density 2400 lines/mm (as=416.7
nm).

III.

FOCUSING BY A PLANO-CONCAVE
GRATING LENS

A unique feature of a negative index material is that
it leads to focusing by a plano-concave lens [19, 20].
We show that the negative refraction mechanism demonstrated above can be used to design a plano-concave grating lens. For a plano-concave lens with circular curved
surface of radius R, if the grating is placed such that the
groove distance along the optical axis is a fixed number
a, the surface periodicity will be as = a/ sin θ . Here the
angle θ is the incident angle toward the curved surface.

(2)

which is independent of θ. A focus is expected with a
focal length f (θ) = R[1 + sin φ/ sin(θ − φ)]. The focal
length depends on the angle θ, leading to aberration,
which is present even in conventional lenses. The image
quality is mainly impacted by a) the variation of the focal
length for large incident angle θ and b) the zero-th order
diffraction which is present when θ < sin−1 (1/n). The
strategy to improve the image quality is discussed next.
A good quality focus can be observed for the planoconcave grating lens with circular surface if λ/a ∼ n,
neff ∼ 0, in which case the focal length f (θ) is flat. For
|neff | < 1, one can use a noncircular curve instead of
a circular curve to minimize spherical aberration. This
2 2
2
2
curve
passumes an elliptical form y /b + x = R with
b = 1 − n2eff and f = R(1 + |neff |) being the desired focal length. On this elliptical curve one places the grating
such that the distance along the optical axis is a constant
a as in the circular case. In order to eliminate the diverging beam around the optical axis of the plano-concave
lens due to the zero-th order diffraction, one can simply
block this part of the lens. Even if the interference from
the zero-th order diffraction could not be eliminated, it
can be reduced. For plano-concave lens with higher refractive index, this effect is smaller. For certain gratings
on the plano-concave lens, the zero-th order diffraction
can also be suppressed. For example for the staggered
cut as in the one-dimensional (1D) PC , the part of the
lens around the optical axis is flat as shown in the Fig.
4. For this grating one can choose the thickness of the
lens around the optical axis such that the transmission
through this part is a minimum. This is confirmed by
numerical simulation.
An elliptical plano-concave grating lens made of alumina with semimajor axis R = 15 cm and semininor axis
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12.7 cm is shown in Fig. 4(c). The grating is made by
staggered cuts on the concave surface, such that the horizontal distance of consecutive cuts is 1 cm. The effective
index is neff = −0.53 at 8.5 GHz, respectively. A high
quality focus of a microwave beam is observed at 8.4 GHz
as shown in Fig. 4(a). The inverse experiment was also
performed in which a point source placed at the focal
point will radiate a plane wave beam at 8.4 GHz. Numerical simulation (Fig. 4(b)) verifies both of the above
mentioned focusing experiments, at 8.5 GHz.

FIG. 4: Demonstration of plano-concave grating lens focusing.
(a) Composite figure of the microwave focusing experiment at
8.4 GHz using a plano-concave grating lens made of alumina
with a grating on the curved surface. On the left the electric
field of the incident beam measured without the presence of
the grating lens is plotted. On the right the intensity of the
electric field is plotted. In the middle is a photo of the lens.
The grating lens behaves like a smooth plano-concave lens
made of negative index material with neff = −0.57 at 8.4
GHz. (b) FDTD simulations at plano-concave lens without
aberration made with n = 3, R = 15 cm, and a = 1 cm at
8.5 GHz. Plotted is the electric field. The size of the system
is in cm. (c) Details of the plano-concave lens (shown half).
The dashed curve is an ellipse with semimajor 15 cm and
semiminor 12.73 cm.

IV. ALL-ANGLE-NEGATIVE-REFRACTION
AND NEGATIVE LATERAL SHIFT THROUGH
GRATING MULTILAYERED STRUCTURE

sider a multilayered structure which behaves as a onedimensional photonic crystal (1D PC). For a 1D PC
as shown in Fig. 5(a), there will be a band gap for
normal incident plane waves within a certain frequency
range. For these frequencies, transmission may be allowed for oblique incident angles. For example for the
equi-frequency surface (EFS) of the 1D PC shown in Fig.
5(b), waves with incident angle θ, such as ka < k0 sin θ <
kb will propagate. If for some frequencies, k0 < ka then
for all the incident plane waves, there is TIR. So this 1D
PC behaves as an omnidirectional mirror [21] for these
E-polarized modes. If a grating with period as is introduced on the flat surface of the 1D PC, for example with
2π/as = ka , then a plane wave with an incident angle
θ will get a positive momentum kick along the surface.
Thus the incident wave will couple to the Bloch wave
with ky = k0 sin θ + 2π/as and propagate inside the 1D
PC. However if 2π/as = kb , the incident wave will receive
a negative momentum kick along the surface and couple
to the Bloch wave with ky = k0 sin θ − 2π/as . And with
proper design, it is possible that only the Bloch wave with
ky = k0 sin θ − 2π/as will propagate inside the 1D PC.
This refraction is well-defined and negative. Furthermore
if k0 = kb − ka , all the propagating waves will be transmitted into the 1D PC. Since ky of the Bloch wave is
negative for every positive incident angle θ this leads to
a single-beam AANR. In this case, both the wave vector
and group velocity refraction is negative. This scenario
for NR is illustrated in Fig. 5(b). For 1D PCs different
ky correspond to different modes. With the introduction
of surface grating, Bloch states with ky and ky + 2mπ/as
are identical. Thus the 1D PC effectively becomes a 2D
PC, resulting in a finite-sized first Brillouin zone of a rectangle shape. This is the simplest all-dielectric structure
to achieve AANR.
A microwave experiment carried out in parallel plate
waveguide confirms the above mechanism for NR. Negative lateral shift was observed experimentally from 6.657.74 GHz for a grating multilayered structure. The 1D
PC is made of 6 layers of alumina bars with thickness
d = 0.5 cm, lattice spacing a = 0.9 cm and surface grating as = 1.8 (see Fig. 6). The incident angle of the
10 cm wide microwave beam was 13.5◦ . A 5.6 cm negative lateral shift is observed at 6.96 GHz, as shown in
Fig. 6. Numerical simulations confirm AANR and negative lateral shift for a large range of incident angles for
frequencies around 6.85 GHz as shown in Fig. 7.

V.

So far we have demonstrated NR through the combination of total internal reflection (TIR) and selective
negative diffraction by combining a surface grating with
a homogeneous isotropic bulk material. The same NR
mechanism introduced above is further applied in this
section to achieve AANR [13] through a flat corrugated
interface between air and an anisotropic medium.
To illustrate this principle to achieve AANR, we con-

DISCUSSION AND CONCLUSION

This work provides a new perspective to the phenomenon of negative refraction. The NR can be seen
as attributed to the bulk modification of the EFS and
the surface grating. Surface periodicity alone is sufficient to achieve NR even with homogeneous positive
index materials, as we have demonstrated. For 2D or
higher dimension PC, the bulk periodic structure nat-
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FIG. 5: All-angle-negative-refraction using surface grating.
(a) A slab of 1D multilayer PC of lattice spacing a, with
surface grating as on both surfaces. The surface grating gives
rise to negative refraction for the 1D PC operating within the
band gap. (b) Illustration of negative refraction using surface
grating. The EFS of a 1D PC made of alumina bars with
lattice spacing a = 0.9 cm, bar thickness d = 0.5 cm at 6.85
GHz is shown as the blue curves. The green semicircle is the
EFS in the air.

FIG. 7: FDTD simulation of negative lateral shift of microwave beams through a grated 1D PC as specified in Fig. 6
at 6.96 GHz. (a) Microwave beam with incident angle 13.5◦ .
(b) Microwave beam with incident angle 30◦ . The arrows indicate the energy flows of the incident and refracted beams.
The size is in meters.

FIG. 6: (a) Experimental demonstration of negative lateral
shift by a 1D PC with a surface grating, at 6.96 GHz. A 5.6
cm negative lateral shift was observed. The 1D PC is made of
6 layers of alumina bars with width d = 0.5 cm and spacing
a = 1 cm. The surface grating was formed by rods of the same
material alumina with diameter 0.63 cm and spacing as = 1.8
cm. The width of the incident beam is 10 cm and the incident
angle is 13.5◦ . The incident and outgoing beams are plotted
as the real part of the measured transmission coefficient S21 .
(b) Positive lateral shift for a microwave beam at 6.96 GHz
by a slab of polystyrene with thickness 7.5 cm.

urally introduces a surface periodicity at the interface.
Improper surface modification of the PC may suppress
or even diminish NR. Here we have shown that NR can
be achieved by combining a surface grating with a multilayer 1D PC structure that is relatively easier to fabricate. Previous approaches to create NR materials with
multilayer required the use of alternating layers of negative permittivity and negative permeability materials
[22, 23] and have not yet been realized experimentally.
The realization of AANR in 1D PCs with surface corrugation opens a whole new realm of NR applications.
Many structures such as photonic band gap materials
currently used to guide waves or form cavities as photon
insulators [24, 25, 26, 27, 28] can be modified to have NR
and AANR through surface engineering.
Although the phenomena presented in this paper are
due to diffraction, ray optics does apply as we have shown
in the design of the plano-concave grating lens (see Fig.
4). The mechanism of plano-concave lens focusing is different from that of the zone-plate where concentric rings
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are carved to give each ray the corrected phase and ray
optics does not apply. Previous use of diffraction optics
has been limited to reflection gratings. The grism used
in astronomy [29] is under the condition n sin θ < 1 thus
allows the zero-th order diffraction. Our approach is different from the suppression of zero-th and enhancement
of -1 order transmission through surface grating depth
modification [30]. By removing the zero-th order Bragg
diffraction completely, our work opens the door for new
phenomena and applications such as plano-concave lens
focusing and flat lens imaging.
Surface engineering provides us a new dimension to
manipulate waves. Refraction is an interfacial phenomenon, and this work shows that by controlled engineering of the interface, a totally reflecting surface can be
made to refract negatively or positively, even though the
materials utilized do not possess bulk negative refractive
indices. The importance of surface modification has been
previously recognized [31, 32] but has not been used as a

mechanism to achieve negative refraction.
To our knowledge, this work represents the first
demonstration of negative refraction of visible light. The
concepts discussed here are particularly suitable for integrated optical circuits, where the device dimension is
about the size of the free space wavelength. The work
reported here provides key ideas to harness diffraction to
produce focusing devices. Thus new types of optical elements can be produced by using the above mechanism
as a principle of design.
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