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Low angular-dispersion microwave absorption of a metal dual-period
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The microwave (11.3<\y<16.7 mm) reflectivity response of a nondiffracting dual-period
hexagonal grating is explored. In three directions at 60° to each other, the aluminum grating has a
repeat period of 7.2 mm in which are three equally spaced grooves, one being slightly shallower
than the other two. This dual-perigaly and\y/3) structure exhibits strong microwave absorption

at several different frequencies. In addition, some of the absorptions are almost completely
independent of the angle of incidence and polarization of the microwave radiation.

© 2005 American Institute of PhysidDOI: 10.1063/1.1921345

The coupling of incident radiation to the fundamental and zero-ordered grating, which was an extremely efficient
electromagnetic charge density oscillation or surface plasselective absorber of incident radiation. As an extension to
mon polariton(SPP at a metal-dielectric interface has at- this work and to improve the angle-independent nature of the
tracted much scientific interest since the initial observatiomrmetallic absorbing surface, we present here an azimuth-
of Wood, 1902" The SPP on a planar interface is nonradia-angle-dependent reflectivity study of a 60° dual-period zero-
tive as the dispersion of the mode exists beyond the lighbrder hexagonal grating in the microwave regime.
cone. The introduction of a periodic surface such as a dif- The grating profile of two deeg2.19 mm and one
fraction grating not only provides the extra momentum re-slightly shallower(1.89 mn) evenly spaced 0.8 mm wide
quired by the incident radiation to couple to these mades grooves per repeat period &f=7.2 mm(producing to first
integer multiples pf the _grating_w_ave_ v_eclkg) but_also Per- order a deep grating period of,/3 superimposed by a
turbs the mode dispersion, splitting it into a series of bandsgjightly shallower grating period of, with an aspect ratio of

Previous studies have shown that short-period deep.1) was milled in three orientations at 60° with respect to
metal gratings can support flat-banded standing wave SPE;ch other into the surface of a circular aluminum alloy plate
modes localized within the grating grqofes‘[hgse self- * of radius of 410 mm and thickness of 20 mm. The angle of
coupled SPPs have also been associated with high fieldlcigences and azimuth angle are shown in Fig. 1 together
enhancemeﬁtwltrlm the grooves. More recently, theoretical iy the reciprocal lattice vectors for this structure. For sim-
work by Tanet al.” has shown that it is possible to couple to plicity, we define=0° when one of the grating wave vec-
an infinite set of flat-banded SPP modes by employing anqs jies in the incident plane.
alternative profile, that of an originally deep sinusoid con- The combination of hexagonal and dual-period symme-

‘éOI"equ(ijthba slightly shallower oscillation of longer period yy gives rise to several possible symmetry configurations.
escribed by

{55+ 2 -
z=A; sinl —x| + A, sinf —x+ a,, |, (1) Incident

| nl radiation 4o
wheren is an integer greater than 1. The first term of Eq.

is the principal component of the grating with an amplitude
of A; and a period of, and predominantly defines the mode
dispersion. The secondary longer period of amplituge
(<A;) and periodnl introduces a Brillouin zone boundary at
27/nl, folding the dispersion back into the light cone and
allowing radiative coupling. Similar coupling has been ob-
served experimentaﬁwsing a dual-period square-wave pro-
file in the microwave regime. Further, the characteristic
strong resonant absorption associated with the flat-banded
mode supported by the dual-period profile has been com-
bined with the ability of crossed gratings to act as
polarization-independent selective absorbers by the present
authors’® A polarization-independent and largely incident- FIG. 1. The unit cell(ight region and coordinate system illustrating the

angle-independent response was obtained from a 90° crosseaple of incidence, azimuth anglep, and plane of incidence together with
the reciprocal lattice vectors. Primitive lattice vectors are omitted for clarity.
Also shown is a schematic representation of a single dual-period grating
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FIG. 2. p-polarized reflectivity data obtained fat=50.7°, ¢=0° clearly $°

showing seven resonances as reflectivity minima. The modeled response of

the structurgsolid line) is obtained using a FEM modeling code. @)

Reflectivity (s-polarized)

For the purpose of this study we restrict ourselves to con- 26+ .
sider the geometry for which a shallow groove from each of
the three grating profiles crosses at a single point. Resonant
modes may be observed as minima in the angle-dependent
reflectivity with the resonance width and depth being depen-
dent upon the loss channels available, with optimum cou-
pling occurring when the nonradiative losses and radiative
losses are equdlThe grating under study is nondiffracting
over the selected frequency and incident angle ranges, and
hence radiative decay through propagating diffracted orders
is not an available loss channel. Energy dissipation via Joule r ]
heating of the substrate is also low since metals behave as : ' ! ! : : :
. . 0 60 120 180 240 300 360

near perfect conductors at microwave frequencies. Hence, to o
readily observe the resonant modes in reflectivity, the grating
grooves are filled with petroleum wagey=2.16+0.02), (®)
which is slightly absorbing at these frequencies. A collimated: g 4. (a) p-polarized andb) s-polarized reflectivity data as a function of
beam of microwave radiation is directed onto the sample viaoth frequency and azimuth angle at a fixed polar angle of 38°. Light re-
a spherical mirror. A second mirror is positioned to collectgions correspond to strong reflection, while dark regions correspond to
the specularly reflected beam and focus it into the detectopbsorption.
The sample is mounted upon a rotating turntable, providing
data for O<¢=<360° at fixed values o), with the signal  p-polarized(transverse magnelior s-polarized(transverse
normalized to the reflectivity of a flat plate of the same ma-electrig radiation, allowing reflectivity measurementsRy,,
terial and surface plane dimensions as the substrate. Both “RBs Rsp andRgs (the subscripts refer to the source and de-
source antenna and detector may be set to pass eithgfctor polarizations, respectivelyA full description of the
experimental setup may be found in Ref. 8.

Figure 2 shows th@-polarized frequency-dependent re-

25 b

Frequency (GHz)

=N WA LN

flectivity data for#=50.7°,=0° together with the modeled
29 A a _a N \ A aa response of the structure obtained from a finite element
e e method (FEM) model? which divides the entire problem
g2l —— e space into a large number of smaller elemeiésrahedra
5 = and solves Maxwell's equations at strategic points within
é L i e each element numerically, thus providing a full wave solu-
£207 — - . )8 meded tion. Good agreement is obtained between the model and
£ \'\'\\\ * mode3 data even though the model assumes a perfect plane wave
18- . y (the experimental incident angle spread is approximate)ﬁ/ 1°
g okl and treats the sample as in_finite in the surface plane. A total
—— model (fss) of seven resonances are visible over the selected frequency
02 0.4 06 08 Y range, with the two main resonances absorbing up to 95%
In-plane momentum k_(in units of 1/2 kg) and 85% of the incident radiation, respectively.

In order to identify the dispersion of each mode, reso-
FIG. 3. The experimental and modeled dispersion curves of modes hant frequencies ap=0° over the range 12€ 6<75° are
through 7(1 being the lowest-energy mode and 7 being the higheisb  plotted in Fig. 3 against the associated in-plane momentum

=0°. The position in frequency of each mode in the range<12%< 75° is _ ; ;
plotted against the associated in-plane momerkymi2f/c)sin 6, wheref ke=(2mrf/C)sin 6, wheref is the resonant frequency aeds

is the resonant frequency ands the speed of light. Also shown is the light the speed of light. This plot clearly shows the remarkably

line and the(1,0) diffracted light line. nondispersive nature of the six higher frequency resonances
Downloaded 15 Apr 2008 to 144.173.6.22. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



184103-3 Lockyear et al. Appl. Phys. Lett. 86, 184103 (2005)

FIG. 5. Time-averaged electric field magnitude at the
resonant frequencies of modes 1 and 2 respectively,
modeled over a plane parallel to the surface of the grat-

y ing, atz=-1.1 mm(wherez=0 is defined as the upper-
most surface of the metallic structure in thg plane.
Radiation is incident in thez plane at an angle of
=50.7° to the normal and ig-polarized. Deep grooves
are labeled “D,” shallow grooves are labeled “S.”
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as a function off, while the lowest frequency mode is less and mode 6 is 42,-2), (0,2) mixed mode, since these scat-
localized in nature and more dispersive, curving downwardsering centres are mirrored abokt In a similar manner, 3
towardk, at lower frequency. Reflectivities associated withand 7 correspond to the modes resulting fridni) and(2,2)
the resonances at 22 and 22.8 GHz are always less than 1086atter, respectively.
and 22%, respectively, fof<60°. In this work we have presented an angle-dependent re-
Figure 4 showd@a p-polarized andb) s-polarized re- flectivity study of a dual-period, nondiffracting metal hex-
flectivity data at #=38°, demonstrating the polarization- agonal grating in the microwave regime. The dual periodicity
independent properties of this crossed grating. Dark regiongnd sixfold symmetry of the sample results in a structure that
correspond to strong absorption while light regions represerdupports five remarkably nondispersive SPP modes that are
reflection. Modes at 21.0, 22.0, 22.8, and 23.7 GHz are Vismdependent of both the direction and polarization of the in-
ible and strikingly flat in frequency over the entire range ofcijdent radiation, plus a further two modes that are less local-
azimuth angle. It is also clear from thedependent data that jzed in nature. Two of the five modes are shown to provide
the two lowest modes from the dispersion diagreme of  extremely efficient microwave absorption of incident radia-
which is nondispersive witld) exhibit sixfold symmetry im-  ion at frequencies that may be predetermined by the physi-
posed by the hexagonal structure. The intersection of modgs;) parameters of the grating. Experimental data show

1 and 2(1 being the lowest frequency mode and 7 being theyycellent agreement with the theoretically modeled electro-
highesj at ¢=30° clearly identifies mode 2 as(@,1) mode, magnetic response of the structure.

as ate=30° the(1,0) and(0,1) modes are mirrored abolkj.
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to the surface plane of the grating. Regions of high field atfechnology Group 09 of the MoD Corporate Research Fund.
the resonant frequency of mode 1 are shown to be confined
predominantly to the second deep groove, and display a pelR. w. Wood, Philos. Mag4, 396 (1902.
riodicity of twice the grating pitch in thél,0) direction only. ). R. Andrewartha, J. R. Fox, and 1. J. Wilson, Opt. A2 197 (1979;

At the resonant frequency of mode 2, this periodicity is re- E- Popov, L. Tsonev, and D. Maystre, Appl. Of3, 5214(1994; F. J.

. . . . . - ! Garcia-Vidal, J. Sanchez-Dehesa, A. Dechlette, E. Bustarret, T. Lopez-
peated in the0,1) direction, with regions of high field once Rios, T. Fournier, and B. Pannetier, J. Lightwave Technbl, 2191

again Conﬁned to th_e second d_e?p groove; howeyer, SO0M&1999; W.-C. Tan, T. W. Priest, J. R. Sambles, and N. P. Wanstall, Phys.
degree of excitation in the remaining two grating directions Rev. B 59, 12661(1999.
is evident. 3F. J. Garcia-Vidal and J. B. Pendry, Phys. Rev. L&, 1163(1996; A.

It is perhaps easiest to consider the hexagonal grating agVirgin and T. LOPES'R'SIS' Opt-dcommU“B: 416(1h984>-
three single dual-period profiles with associated grating vec- (26&') Tan, J. R. Sambles, and T. W. Priest, Phys. Rev6B 13177
tors in the(1,0), (0,1 and (1,-1) directions. Each of the s p hipbins, 3. R. Sambles, and C. R. Lawrence, Appl. Phys. Beit13
three profiles supports a mode originating fré¢in0), (0,2) (2002.
and(1,-1) scatter. These modes are generally more disper~M. J. Lockyear, A. P. Hibbins, J. R. Sambles, and C. R. Lawrence, Appl.

; hys. Lett. 83, 806 (2003.
sive, and as shown, correspond to modes 1 and 2. Modes i Raether Surface PlasmonéSpringer, Berlin, 1088

and 6 are the_n the_ moqes arising from hlgh@scatterlng n 8A. P. Hibbins, J. R. Sambles, and C. R. Lawrence, Phys. Red1,E5900
the three grating directions. These modes are generally muchzqog.
stronger and nondispersive. Thus, mode 5 i2,8 mode, “www.ansoft.com/products/hf/hfss/index.cfm

Downloaded 15 Apr 2008 to 144.173.6.22. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



