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3D Wire Mesh Photonic Crystals
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(Received 30 October 1995)

We have investigated the electromagnetic properties of a 3D wire mesh in a geometry rese
covalently bonded diamond. The frequency and wave vector dispersion show forbidden bands a
frequenciesn0, corresponding to the lattice spacing, just as dielectric photonic crystals do. But
have a new forbidden band which commences at zero frequency and extends, in our geome
, 1

2 n0, acting as a type of plasma cutoff frequency. Wire mesh photonic crystals appear to sup
longitudinal plane wave, as well as two transverse plane waves. We identify an important new r
for microwave photonic crystals, an effective medium limit, in which electromagnetic waves pene
deeply into the wire mesh through the aid of an impurity band.

PACS numbers: 42.25.Bs, 41.20.Jb, 78.90.+t, 84.40.–x
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In the past few years the concepts of solid state phy
have been brought to bear on [1] electromagnet
and Maxwell’s equations. Artificial three-dimension
dielectric structures have been observed [2–5], which
the photonic analog of a semiconductor [6,7]. In the
“photonic crystals” a photonic band gap arises in wh
electromagnetic modes, spontaneous emission, and z
point fluctuations are all absent. A dielectric photon
crystal containing a local defect forms an optical 3
microcavity [8]. Since metals are usually quite los
at optical frequencies, most photonic crystal work h
focused on dielectric structures. Nevertheless, meta
3D structures can be valuable at microwave frequenc
Two-dimensional metallic structures are already be
investigated [9] and theoretical work has recently beg
[10–12] on 3D metallic photonic crystals. We will sho
in this paper that 3D wire mesh electromagnetic structu
have very different physics from the dielectric photon
crystals which were studied previously.

In choosing a particular 3D wire mesh geometry w
were influenced by an extension of the intuitively na
ral two-dimensional hexagonal wire mesh geometry, i
the third dimension. The electronic material analog o
hexagonal wire mesh is graphite structure, and the c
responding extension into three dimensions is diam
structure. Indeed, it has already been shown for
dielectric photonic crystals that the diamond geome
[2] has an unusually intimate link with Maxwell’s equa
tions. Therefore the wire mesh structure we have cho
consists of a diamond lattice, in which the “atoms” are g
ometrical points in space, and the valence bonds conn
ing those points are copper wires, 1 cm long. The cry
has ak001l face orientation, and was11ay

p
2 3 11ay

p
2

wide and3a thick s18 cm 3 18 cm 3 7 cmd, wherea is
the length of the unit cube of our diamond lattice. A ph
tograph of a thin section of our wire mesh structure
shown in Fig. 1. Together with a detailed view of th
copper wire strips which snap together to make diamo
geometry.
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Band structure measurements were performed usin
Hewlett-Packard 8720 Network Analyzer, and monop
antennas for transmitting and receiving. The crystal w
placed in the window of an anechoic chamber at
range of 1.25 m from the transmitting antenna in
der to approximate plane-wave illumination. Our expe
ments consisted of microwave transmission measurem
through the 3D wire mesh structure, as a function
incidence angle and frequency. As expected, narrow
bidden gaps are observed centered at frequenciesn0,
corresponding to the spatial periodicity of the wire
Nonetheless, the most dominant electromagnetic fea
of these wire mesh structures is not related to spatial p
odicity, but happens to be a deep, sharp, and wide th
dimensional stop band that extends from zero freque
up to a finite frequencynp. We observe in our geometr
that np is approximately one-half ofn0. We regardnp

as being analogous to a type of plasma frequency ass
ated with the motion of electrons in the continuous, int
connected, wire network, constituting our weblike stru
ture. Alternately, it may be considered as a 3D cut
frequency for wavelengths too large to fit between
rows of wires. A transmission spectrum showing t
steep edge atnp ­ 6.5 GHz is displayed in Fig. 3(a). (To
the left of the steep edge is a transmission peak produ
by a defect mode.)

We attempted to measure the full electromagnetic d
persion in our diamond wire mesh photonic crystal. T
required the identification of frequencies and wave v
tors for allowed modes. Mode frequencies were identifi
with step function changes in the transmission spectrum
external plane waves through the structure, while the c
responding internal wave vectors were determined by m
mentum matching at the surface of the photonic crys
The projection of the external wave vector onto the s
face of the photonic crystal fixed the internalkkx , ky , 0l,
while kz was determined by physical reasoning as f
lows: For the lowest frequency step function cutoff,np ,
thez component was set atkz ­ 0. For higher forbidden
© 1996 The American Physical Society
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FIG. 1. (a) A perspective photograph of our diamond geom
try 3D wire mesh photonic crystal. The individual wires pla
the role of “valence bonds” connecting the atoms which
merely geometrical points in space. The wires have a 1.25
square cross section, and are 1 cm long. (b) A detailed v
of the copper wire strips which snap together to make diam
structure.

gaps due to periodicity,kz was set so that$k would fall at
the surface of the Brillouin zone.

In the wire mesh photonic crystal shown in Fig. 1, t
top surface is ak1, 0, 0l cubic plane. Normal incidence
puts the wave vector in theX direction of reciprocal space
as shown in the Brillouin zone inset of Fig. 2. Repea
spectra were taken as the sample was rotated away
normal incidence, so that the wave vector moved alo
theX-U-L line. The procedure was repeated along theX-
W-K line and for boths and p polarizations. With the
wave vector in theX-W-K direction, its component in
the kz ­ 0 plane, in the vicinity of theG point, would
be in theG-X direction (one of the other orthogonalX
points). Thus anX-W-K scan also covered theG-X line.
Likewise, an X-U-L scan covered theG-K line in the
G vicinity, as well. All of the various reciprocal spac
segments were than stitched together in Fig. 2(a) fos
polarization and Fig. 2(b) forp polarization.

In an experiment such as this, there is no guarantee
every internal mode will be observed. Coupling to cert
modes could be forbidden in our geometry, and so
internal plane waves might simply couple inefficiently
external plane waves due to mode matching problem
the incident interface. In Fig. 2(a), the modes detec
at the K point are certainly incomplete, since theK
point differs by a reciprocal lattice vector from theU
point, where additional modes are detected. The
due to periodicity, at the surface of the Brillouin zon
falls between 12 and 13 GHz, but it is not clear th
it is an absolute gap in all directions of space. T
dominant feature is the low frequency gap from 0
6.5 GHz associated with the motion of electrons in t
e-
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FIG. 2. (a) Frequency and wave vector representing allow
plane waves inside our diamond wire mesh photonic crystas
polarization incident on ak1, 0, 0l face. (b) Dispersion relation
for p polarization. The triangles represent a mode wh
vanishes at normal incidence which may be a longitudinal pl
wave. The squares may be an experimental artifact.

continuous, interconnected, wire network. For incide
p polarization, in Fig. 2(b), those modes indicated
triangular dots (alongX-U-L) had the property that the
2481
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vanished at normal incidence. Therefore these might
internal, longitudinally polarized plane waves similar t
surface plasmons, but running along the internal wir
of the structure. This implies that wire mesh photon
crystals support a longitudinal plane wave, as well as tw
transverse plane waves.

Our band structure results for metallic wire mesh ph
tonic crystals may be summarized as follows: (a) Perio
icity produces a stop band just as in dielectric photon
crystals (in spite of some speculation that metallic ph
tonic crystals would possess allowed rather than forb
den bands). (b) Wire mesh photonic crystals have a n
forbidden band which commences at zero frequency, a
extends to approximately half the normal band-gap fr
quency. (c) Longitudinal modes are allowed in metall
photonic crystals. Therefore the internal electromagne
plane waves have three possible polarizations, rather t
just two.

Let us now discuss the significance of these wire me
photonic crystal properties. The most interesting point
the plasma edge, or cutoff frequencynp. In the vicinity
of np the mesh spacing is similar to the vacuum wav
length. Given that microwave lengths are rather larg
combined with the need for multiple mesh periods
form a 3D crystal, these considerations would appear
demand inconveniently large structures. It would ther
fore be preferable to operate the wire mesh photo
crystal at mesh spacing much smaller than a vacu
wavelength. Under those conditions, the electromagne
radiation generally penetrates only one or two unit cel
effectively interacting with only a two-dimensional sur
face layer of the wire mesh. Two-dimensional period
metallic structures are already well known [13–16]
electromagnetic engineering, where they are called “f
quency selective surfaces.” In order to access a disti
tive physical regime, and a potentially useful one, we mu
design photonic crystal structures where electromagne
waves penetrate the wire mesh, whose spacinga ø l,
the vacuum wavelength. This condition defines anew and
different regimeof photonic crystals.

In the new regimea ø l, the crystal structures are
actually effective media, described by a frequency d
pendent dielectric constant́svd, rather than the full 3D
wave vector dependencés $kd of a true photonic crys-
tal. Nevertheless, such effective media can have ma
unusual properties, including particularly a negative, pr
dominantly real, dielectric constant at microwave freque
cies, which would otherwise be difficult to find amon
solid metals. Effective medium theory [17–19], as we
as its application to cermet [20,21] structures, has be
the subject of extensive past study.

Since the local geometry of such an effective mediu
is probably not as important as it would be in a diele
tric photonic crystal, a diamond wire mesh, a cubic [1
wire mesh, or perhaps a random wire mesh may perfo
similarly. The basic approach toward creating a penet
2482
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ble medium in whicha ø l is to introduce an impurity
band within the low frequency forbidden gap, belownp ,
in other words, a band structure within a band structu
or a superlattice.

In Fig. 3 we present results on the initial stages of
transition from isolated defect modes to impurity ban
formation, by capacitive defects in the wire mesh, i.
selectively cut wires. (Independently, Pendryet al. [22]
have introduced inductive loading of the individual wire
to create such a medium.) Measurements of defect re
nance were taken with the crystal embedded in microwa
absorbing foam. Monopole antenna probes were inse

FIG. 3. The evolution from a single defect in the photon
crystal, toward an impurity band within the 0 to 6.5 GH
forbidden gap. The defects were all spatially located with
the samek1, 1, 1l plane. (a) A defect consisting of a singl
cut wire. (b) Two neighboring cut wires, producing “bondin
and antibonding modes” as in a diatomic molecule. (c) Thr
neighbors resembling a triangular ring molecule. (d) Four
a star configuration. (e) Six in a benzene ring configuratio
The vertical arrows point to the allowed modes, paired arro
representing double degeneracy. The frequency level struc
corresponds to that known for the energy levels of t
corresponding molecules in chemistry.
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through the foam below the crystal surface to permit co
pling to defect modes. In Fig. 3(a)–3(e) the defect cou
goes from 1 to 6. Remarkably, the electromagnetic sp
trum of each defect array geometry is isomorphous to
electronic energy levels of an analogous chemical m
ecule. For example, the defect array geometries co
spond to a diatomic molecule, a triangular cycloprope
ion, up to benzene, six defects in a ring. Arrows
Fig. 3 point to the electromagnetic defect modes; pai
arrows represent doubly degenerate frequencies ass
ated with the defect array symmetry. For the case of
defects in a ring, the six electromagnetic frequencies
grouped in degeneracies of 1:2:2:1 as can be found
benzene energy levels in most elementary [23] chemis
books.

To reduce further the frequency of the evolving imp
rity band, and to satisfy better the conditiona ø l, the
gaps in the wires may be filled by high́ ceramic pel-
lets or by inductive loading of the wires as suggested
Pendryet al. [22]. We believe that the effective medium
limit a ø l of a 3D wire mesh photonic crystal is of bot
physical and practical interest. Having light weight, a
easily modified properties, they are likely to play a mo
important role in microwave and millimeter wave techno
ogy. Those possible applications include antenna str
tures, passive filter “windows,” or frequency selectiv
radomes, quasioptical amplifying structures, and stea
surfaces.
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