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The existence of bound surface modes, surface plasmon
polaritons supported at optical frequencies by metal-dielectric
interfaces is well established and has been studied since
the mid nineteenth century [1]. Since then, the ability to
control such bound waves has attracted much attention given
their wide range of applications varying from imaging to
plasmonic communication devices [2, 3]. At lower frequencies,
in the microwave regime, adding structure to metal surfaces
allows analogous surface modes, known as spoof or designer
surface plasmons, to be supported [4–6]. This allows for two-
dimensional microwave devices, such as lenses or antennas to
control surface wave propagation [7, 8]. In the recent years, the
study of these low-frequency surface modes has also benefited
from the development of ultra-thin flexible metasurfaces with
important applications to wearable devices [9, 10].

In general surface modes present a strongly frequency-
dependent effective refractive index, which limits the frequency
band over which these two dimensional devices, commonly
known as metasurfaces, maintain their designed behavior. The
ability to engineer the frequency dependence of the mode
index has motivated much literature [11–13] and has led to
the exploration of diverse symmetries [14] and geometries to
control the confinement of the fields [15].

In the recent years, the use of glide symmetry has provided
a route towards increasing the frequency bandwidth of such
devices. Glide-symmetric geometries are periodic structures
that are invariant under a combination of translation and
reflection. This symmetry allows for a near linear dispersion
relation thanks to a degeneracy with non-zero group velocity
of the supported modes at the Brillouin zone boundary [16, 17].
The properties of glide symmetry were first studied in the
1960s [18, 19], although they had been little exploited until
the development of metasurfaces, providing a design tool for
broadband lenses [20] and electromagnetic band gap structures
[21].

In this Letter we present a study of glide symmetry for a
single-layered, one dimensional periodic structure. Specifically,
the structure under consideration is a negligible thickness
infinite metal layer, perforated with an infinitely-long slot. This
slot is periodically notched on both sides so that the system
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Fig. 1. Perspective view of the infinitely-long double notched
slot in a glide symmetric configuration. The dashed line
represents the plane used for the mirror operation required
by the glide symmetry.

possesses glide symmetry (for which the two sub-lattices of
notches are displaced by half of their respective unit cell) as
shown in Fig. 1. For the sake of simplicity, the metal will be
assumed perfectly conducting (assumption valid at frequencies
up to far-infrared) and no dielectrics will be included for the
first part of the Letter, although they will be taken into account
when comparing to experimental results.

In Fig. 2, the modeled dispersion relation of the surface
mode supported by the structure is shown for different heights
of the notches when the system possesses glide symmetry. The
figure shows the degeneracy of the two lowest order modes
at the Brillouin zone boundary with non-zero slope, which
is the principal characteristic of glide symmetry and whose
origin will be studied in the following. This special degeneracy
introduced by the symmetry leads to a linearization of the
mode dispersion with respect to the single notched system,
reducing the frequency dependency of the effective refractive
index. In contrast to previous studies in closed systems such
as corrugated waveguides [16], the coupling to a mode on
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the lightline causes an anti-crossing, which limits the range of
linear dispersion of the upper branch (second mode).

Fig. 2. Predicted dispersion relation for the two lowest order
modes of an infinite slot with glide-symmetric notches.
Different heights of the notches corresponding to the different
curves are shown in the insets. The relative value of the other
geometrical parameters are: w1 = w2 = p/4, g = p/20.

In this kind of configuration, by choosing a small slot
width (in the case of w1, w2 < p/2) one can limit the
interaction between the fields of adjacent notches due to the
requirement of the electric field is transverse to the slot axis.
This situation gives a very good insight into the origin of the
degeneracy shown in Fig. 2. In the case of non-overlapping
sublattices, the plane shown as a dashed line in Fig. 1 can
be approximately substituted by a perfect conducting plane
thanks to the negligible out-of-plane component of the electric
field when compared to the in-plane transverse electric field
(y component). This approximation is strictly true when the
thickness of the layer tends to infinite, for which the out-of-
plane component of the electric field vanishes, although the
approximation remains valid for narrow slots. This means that
any notch on either side will be mirrored by this conducting
plane, and the fields in the system behave equivalently to
those in a single-notched unit cell of length p/2. This
reduced equivalent unit cell will correspond in terms of k-
space to a Brillouin zone boundary located at twice the in-plane
momentum from the origin, at which the zero group velocity
is reached. Therefore, the dispersion of the glide-symmetric
configuration is constructed by folding the dispersion relation
of the half unit cell system and does not present any band gap.

In Fig. 3, a comparison between the dispersion of the glide-
symmetric structure and the case of single notched slot with
half the original periodicity are shown, where the two modes
are in practice indistinguishable until past the first Brillouin
zone boundary of the glide symmetric configuration. The
difference at higher frequencies arises from hybridization with
a mode on the lightline.

One concludes that glide symmetry allows for the virtual
halving of the reciprocal space repeat unit while largely
maintaining the field distributions of the modes supported by
the non-glided structure. This means that the second lowest
order mode in the case of glide symmetry, previously described
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Fig. 3. Comparison between the dispersion relation of the two
lowest order modes of the glide-symmetric system (solid blue
line) and the lowest order mode of the single notched slot
(dashed red line) as shown in the insets for h1 = h2 = 0.4 p,
w1 = w2 = p/4 and g = p/20.

as a negative index mode [22], corresponds essentially to
the same mode found in the single notched slot system
(with positive mode index) in contrast to the truly negative
mode index found in mushroom-type metasurfaces [23]. This
mode in the glide symmetry case is produced by the back-
scattering of the original mode into the smaller Brillouin zone
of the glide-symmetric system (corresponding to the solid
blue curve in Fig 3). This property becomes very important
when the distance between two notches (or meta-atoms in
general) is small and in practice limited by the precision of
the manufacturing process. This limitation can be greatly
improved by separately manufacturing the two glided sub-
lattices [21].

We now proceed to model the effects of breaking the glide
symmetry of the system.

In Fig. 4, the effect of making the heights of the two notches
in the unit cell different is analyzed. Here, it can be seen
how the degeneracy with non-zero group velocity is lost, with
a band gap appearing at the Brillouin zone boundary. It is
interesting to note that the frequency at which each of the
two lowest order modes cross the Brillouin zone appears to be
largely dependent on the height of only one of the notches. This
arises from the concentration of the fields on each sub-lattice.
Not surprisingly the linearity of the mode dispersion increases
as the notches become similar.

Further modeling shows that, although even small
deviations between the sizes of the notches eliminate the
degeneracy between the two modes, the linearity of the mode
dispersion remains practically unaffected at frequencies below
the band-gap. This effect is also present for large deviations (see
the red dot-dashed line in Fig. 4) for normalized frequencies
below p/λ = 0.25.

In contrast, in Fig. 5 it is shown that when the sizes of the
notches are kept the same but the two sub-lattices are no longer
at half the unit cell spacing, the two modes again split at the
Brillouin zone boundary. This splitting is readily explained by
the different field distribution of the two standing waves at the
Brillouin zone boundary. The x component of the electric field
in the notches are out of phase for the lowest mode and in-phase



Letter Optics Letters 3

(a)
(b)
(c)

Lightlin
e

h1=0.3 p

h2=0.4 p

(a)

h1=0.4 p

h2=0.4 p

(b)

h2=0.4 p

h1=0.5 p
(c)

Fig. 4. Predicted dispersion relation of the glide symmetric
system (solid blue line) compared to those of the same
geometry in which the two notches have different heights,
as shown in the insets. The normalized value of the other
parameters are w1 = w2 = p/4 and g = p/20.
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Fig. 5. Dispersion relation of the glide symmetric system (solid
blue line) compared to those of the same geometry in which
the two notches have been relatively displaced as shown in
the insets. The normalized value of the other parameters are
h1 = h2 = 0.4 p, w1 = w2 = p/4 and g = p/20.

for the upper mode [22].
Finally, to verify the predictions obtained from a commercial

finite-element method software [24], we have undertaken
an experiment at microwave frequencies. The sample was
manufactured using a print and etch technique applied to a
50 µm thick dielectric substrate with dielectric constant value
2.8 coated with a 17 µm copper layer (the thickness of the metal
can be neglected and it is also treated as perfectly conducting
in the modeling). The unit cell was chosen to be 10 mm and the
other parameters had values of h1 = h2 = 4 mm, w1 = w2 =
2.5 mm and g = 0.5 mm.
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Fig. 6. Experimental and modeled dispersion for the two
lowest order modes of the glide symmetric slot structure. The
colormap represents the Fourier amplitude obtained from
the fast Fourier transform of the measured y electric field
component distribution and the superimposed white dashed
lines represent the modelled dispersion relation. The values
of the parameters are h1 = h2 = 4 mm, w1 = w2 = 2.5 mm,
p = 10 mm and g = 0.5 mm.

The mode of the system was excited by soldering the inner
and outer conductors of a coaxial transmission line to either
edge of the slot. Then the y component of the electric field was
measured by using a modified coaxial antenna placed in the
near field of the metasurface. By scanning along the sample and
performing a fast Fourier transform from the spatial domain
to k space along the direction of propagation, the experimental
dispersion shown in Fig. 6 was obtained [25]. Superimposed
on the Fourier amplitude of the measured fields, we show the
modeled dispersion with the dielectric layer included in the
model, obtaining excellent agreement. As predicted by the
modeling, we find that the mode at the Brillouin zone boundary
has non-zero group velocity, evidenced by the fact that the
mode has been detected at the crossing point. Also note that,
at the turning point of the second mode near 10 GHz, the mode
cannot be detected due to the lack of energy propagation when
the group velocity approaches zero.

In Fig. 7 the experimentally measured distribution of the
y component of the electric field is shown at 1 mm above the
surface and compared to the simulated field distribution. We
again find excellent agreement with those predicted by the
model, with some residual z component of the electric field
being measured on the metal surface.

In conclusion, the surface mode propagation on a single
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Fig. 7. Modelled and measured y component of the electric
field distribution at z = 1 mm above the surface when exciting
the system at 6.5 GHz. The values of the parameters are h1 =
h2 = 4 mm, w1 = w2 = 2.5 mm, p = 10 mm and g = 0.5 mm.

layer glide-symmetric structure formed by an infinitely-long
slot with periodic notches on both sides has been studied.
Through modeling we have explained the origin of the non-
zero group velocity of the mode at the Brillouin zone boundary
and the advantages that this symmetry may have when
manufacturing highly dense arrays with respect to traditional
down scaling. We have explored the effects of breaking the
symmetry of the system and explained the appearance of two
non-degenerate modes. We have validated these properties by
experimentally reproducing the dispersion diagram of a glide-
symmetric structure and by characterizing the modeled field
distribution on the slot.
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