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Efficient isotropic magnetic resonators
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We study experimentally and numerically a novel three-dimensional magnetic resonator structure
with high isotropy. It is formed by crossed split-ring resonators and has a response independent of
the illumination direction in a specific plane. The utilization of such elements to build a finite
left-handed medium is discussed. ©2002 American Institute of Physics.
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There is currently growing interest in small magne
resonant structures. This interest has been spurred by
demonstration that specific subwavelength structures can
hibit effective magnetic permeability which can be tuned
negative values over a finite frequency range,1 and by the
utilization of these structures to produce a left-handed m
dium ~LHM ! in the microwave regime.2,3 Thus LHM has
negative permittivity« and permeabilitym, which lead to
reversed electromagnetic properties.4

Thus far, LHM have been fabricated from periodic a
rays of thin wires~to produce a plasmonic medium with«
,0!,5 combined with periodic arrays of split-ring resonato
~SRRs! to producem,0.2 The SRRs are planar structure
that must be arranged in an infinite three-dimensional~3D!
lattice to create a LHM. The lattice unit cell consists of thr
orthogonal SRRs, one along each plane of symmetry.1 Such
an infinite lattice produces an isotropic magnetic mediu
although each SRR is highly anisotropic. By anisotropic, i
meant that the response of the system depends on the d
tion of illumination. For example, since an isolated SR
mainly reacts to magnetic flux through its structure, it on
resonates for specific illumination directions.6

The objective of this letter is to propose and study alt
native magnetic resonant building blocks with a higher
gree of isotropy.

The system we consider is depicted in Fig. 1. It is co
posed of two intersecting SRRs normal to each other, wh
form a crossed SRR~CSRR!. Each SRR is made of two
aluminum~Al ! strips deposited on the inner and outer fac
of low permittivity foam ~Rohacell HF 51,«51.07!. The
foam width is w54 mm, the inner radius 15 mm and th
outer radius 20 mm~the separation between inner and ou
Al strips is t55 mm!; it is machined from a foam plate t
obtain two open rings that are then fitted into each other.
4 mm wide Al strips are cut from 50mm thick self-adhesive
Al foil. Note that the gaps at the extremities of the two C
RRs are located at the same poles of the spherical struc
~Fig. 1!. The width of these gaps is 6 mm.

For our discussion we will designate by SRRxz , respec-
tively, SRRyz the resonator in theOxz, respectively,Oyz
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plane ~Fig. 1!. Note that the structure in Fig. 1 possess
these two symmetry planes.

Figure 2 shows the scattering parameters21 measured
when the structure is placed in a R9 rectangular wavegu
The waveguide was excited with TE10 mode ands21 mea-
sured using a HP 8753B network analyzer. We observ
strong narrow resonance at 0.92 GHz~quality factor Q
5250!. Rotating the CSRR in the waveguide around itsz
axis ~Fig. 1! does not affect at all thes21 measured and the
curves associated with the different illumination directionsw
overlap perfectly.

The structure proposed in Fig. 1 is therefore isotropic
the Oxy plane and produces the same response for any
mination direction in this plane.

To further our understanding, the response of the CS
was simulated with the method of moments. The reade
referred to Ref. 7, where this numerical technique is
plained in detail and to Ref. 6, where its utilization for th
simulation of individual and coupled planar SRRs is d
cussed.

Figure 3 shows the three different CSRR geometries
were simulated. Figure 3~a! is the same configuration as th
in the experiment, where the gaps at the end of the
crossed SRRs are located on the same pole of the sphe
structure@cf. Fig. 3~a! with Fig. 1#. In Fig. 3~b! @Fig. 3~c!#,
one of the SRR is rotated 90°, (45°). Note that in Fig. 3~b!
both gaps are cut by the other ring’s strip. However, t
structure retains its twoOxzandOyzsymmetry planes. This

il:

FIG. 1. View of the crossed split-ring resonator. Each SRR is formed by
Al strips deposited on opposite faces of a foam ring. The system is illu
nated with a field propagating in thexy plane~incidence anglew! with the
electric and magnetic fields indicated. The scale is in centimeters.
© 2002 American Institute of Physics
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is not the case in Fig. 3~c!, where only one gap is cut by th
normal ring’s strip.

Figure 4 shows the computed scattering cross sec
~SCS! associated with the structures in Figs. 3~a! and 3~b!.
The small discrepancy between the experimental and
merical resonance frequencies is related to the fact that in
experiment the waveguide implicitly imposes period
boundary conditions on the structure, which shifts the re
nance frequency.6

The response of the structure in Fig. 3~a! is perfectly
isotropic in theOxy plane and when the illumination anglew
in that plane changes, the SCS reported in Fig. 4~solid line!
is not at all altered~not shown!. This is also the case for th
configuration in Fig. 3~b!, now with a slightly higher reso-
nance frequency~Fig. 4, dashed line!.

On the other hand, the configuration in Fig. 3~c! is no
longer isotropic in theOxy plane, or in any other illumina-
tion plane. Evidence of this is seen in Fig. 5, where we sh
the corresponding SCS for different illumination directionsw
in the Oxy plane. Figure 5 shows that one of the SRR th
forms the CSRR structure is no longer operating. As d
cussed in Refs. 1 and 6, a SRR responds to the flux of
magnetic field. For the configuration in Fig. 3~c!, the results
in Fig. 5 indicate that SRRyz still responds to the inciden
field ~for example, whenw590°, only SRRyz contributes to
the resonance since the magnetic field does not pene
through SRRxz!. On the other hand, forw50, where SRRxz

should have a strong resonance, we only observe a mi
peak in Fig. 5.

These results indicate that the location where the st
of two SRRs intersect determines the resonances prope
of the overall structure. We believe that in the configurat
in Fig. 3~a!, both SRRs intersect at a ‘‘neutral point’’ whic

FIG. 2. Scattering parameters21 measured in a R9 waveguide for the stru
ture in Fig. 1.

FIG. 3. Three different configurations of CSRRs:~a! same configuration as
in the experiment;~b! the Oxz SRR is rotated 90°;~c! the Oxz SRR is
rotated 45°.
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FIG. 4. Computed SCS for the structure in Figs. 3~a! ~solid curve! and 3~b!
~dashed curve!.

FIG. 5. Computed SCS for the structure in Fig. 3~c! under different illumi-
nation anglesw in the Oxy plane~Fig. 1!.

FIG. 6. ~a! Structure built from three identical SRRs normal to each oth
~b! Structure composed of three SRRs of increasing size.

FIG. 7. Computed SCS for the structure in Fig. 6~b! for the three orthogonal
illumination directions.
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does not disturb the charge distribution. To illustrate this,
us consider the external strip of theOxz resonator in Fig.
3~a!. Plus and minus charges accumulate at the extremitie
this strip, on either side of the gap at the top of the structu
By virtue of symmetry, the opposite point at the bottom
the structure~point a in Fig. 3! remains neutral, irrespectiv
of the illumination direction. It is the same for the extern
strip of theOyz resonator and it does not matter if both stri
intersect at this neutral point. A similar situation arises
the inner strips of the CSRR in Fig. 3~a!. On the other hand
for the structure in Fig. 3~c!, the external strip of SRRyz

intersects that of SRRxz at a point which is not neutral fo
SRRxz ~point b in Fig. 3!. This strongly disturbs SRRxz

which barely resonates anymore~Fig. 5!. Since SRRyz is
intersected at its neutral point, its resonance is not affec
as illustrated in Fig. 5 forw590°.

The previous results imply that it is not possible to cre
a fully isotropic CSRR structure from three identical SR
normal to each other. In such a case, the strip of a reson
will always be intersected at a non-neutral point, as illu
trated in Fig. 6~a!. This particular geometry does not resona
at all, for any illumination direction.

A possible alternative is the use of three SRRs with va
ing dimensions, as shown in Fig. 6~b!. Unfortunately, the
larger a SRR, the lower its resonance frequency. Theref
to obtain a 3D structure that resonates at a single freque
for any illumination direction, the three SRRs must be tun
This can be achieved by a larger distancet between the inner
and outer strips, which decreases the capacity, thereby
creasing the resonance frequency~our simulations indicate
that it is not sufficient to act only on the gap width to tu
the resonance frequencies!. Regrettably, this in turn broaden
the resonance and decreases theQ factor, as illustrated in
Fig. 7 ~the narrow resonance in Fig. 7 corresponds to
small SRR!. However, at the resonance frequency, this str
ture is perfectly isotropic.
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Let us finally come back to the structure in Fig. 3~a!,
which provides isotropy in theOxy plane. By varying the
separation distancet between inner and outer rings, it is po
sible to strongly increase the computedQ factor: Q580(t
55 mm), 135(t53 mm), 520(t51 mm), and 1200(t
50.5 mm). The resonance frequency is correspondingly r
shifted.

To conclude, the CSRR structures proposed in this le
show very strong resonance and perfect isotropy in one
mination plane. By building up an array of such CSRRs w
periodic or random orientations, it should be possible to
tain an effective material with isotropic magnetic propert
on average.

Finally, the proposed CSRR structure maximizes theF
parameter introduced by Pendryet al.,1 which represents the
fractional area of the unit cell occupied by the interior of t
split-ring resonator and determines the width of the f
quency band over which the effective permeability of t
system is negative. LargeF values render left-handed effec
easier to exploit.8
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