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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. Z)02 American Institute of Physics.
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There is currently growing interest in small magnetic plane (Fig. 1). Note that the structure in Fig. 1 possesses
resonant structures. This interest has been spurred by tlieese two symmetry planes.
demonstration that specific subwavelength structures can ex- Figure 2 shows the scattering parametgy measured
hibit effective magnetic permeability which can be tuned towhen the structure is placed in a R9 rectangular waveguide.
negative values over a finite frequency rafhgend by the The waveguide was excited with J&Emode ands,; mea-
utilization of these structures to produce a left-handed mesured using a HP 8753B network analyzer. We observe a
dium (LHM) in the microwave regimé® Thus LHM has strong narrow resonance at 0.92 GHKquality factor Q

negative permittivitye and permeabilityx, which lead to ~ =250- Rotating the CSRR in the waveguide aroundzts
reversed electromagnetic propertles. axis (Fig. 1) does not affect at all the,; measured and the

Thus far, LHM have been fabricated from periodic ar- CUrVes associated with the different illumination directigns

rays of thin wires(to produce a plasmonic medium with Ove[:_ip pfrfeftly. din Fia. 1 is therefore iSotropic i
<0),° combined with periodic arrays of split-ring resonators € SHUctUre proposed in +ig. 2 1S therelore I1Sotropic in
(SRR$ to produce<02 The SRRs are planar structures the Oxy plane and produces the same response for any illu-

. o . . mination direction in this plane.
tha_t must be arranged in an mflmte '[_hree-dlmer_15|c(85]) To further our understanding, the response of the CSRR
lattice to create a LHM. The lattice unit cell consists of three

was simulated with the method of moments. The reader is
orthogonal SRRs, one along each plane of symmeBych e to Ref. 7, where this numerical technique is ex-

an infinite lattice produces an isotropic magnetic mediumyained in detail and to Ref. 6, where its utilization for the
although each SRR is highly anisotropic. By anisotropic, it iSgimulation of individual and coupled planar SRRs is dis-
meant that the response of the system depends on the dirgg;ssed.
tion of illumination. For eXampIe, since an isolated SRR Figure 3 shows the three different CSRR geometries that
mainly reacts to magnetic flux through its structure, it onlywere simulated. Figure(8) is the same configuration as that
resonates for specific illumination directiohs. in the experiment, where the gaps at the end of the two

The objective of this letter is to propose and study altercrossed SRRs are located on the same pole of the spherical
native magnetic resonant building blocks with a higher destructure[cf. Fig. 3@) with Fig. 1]. In Fig. 3b) [Fig. 3(c)],
gree of isotropy. one of the SRR is rotated 90°, (45°). Note that in Figh)3

The system we consider is depicted in Fig. 1. It is com-both gaps are cut by the other ring’s strip. However, this
posed of two intersecting SRRs normal to each other, whiclstructure retains its tw@xzandOyz symmetry planes. This
form a crossed SRRCSRR. Each SRR is made of two
aluminum(Al) strips deposited on the inner and outer faces
of low permittivity foam (Rohacell HF 51,6 =1.07). The
foam width isw=4 mm, the inner radius 15 mm and the
outer radius 20 mnithe separation between inner and outer
Al strips is t=5 mm); it is machined from a foam plate to
obtain two open rings that are then fitted into each other. The
4 mm wide Al strips are cut from 5@m thick self-adhesive
Al foil. Note that the gaps at the extremities of the two CS-
RRs are located at the same poles of the spherical structure
(Fig. 1. The width of these gaps is 6 mm.

For our discussion we will designate by SRRrespec-
tively, SRR, the resonator in thé©xz respectively,Oyz

FIG. 1. View of the crossed split-ring resonator. Each SRR is formed by two

Al strips deposited on opposite faces of a foam ring. The system is illumi-

dAuthor to whom correspondence should be addressed; electronic maihated with a field propagating in they plane(incidence anglep) with the
martin@ifh.ee.ethz.ch electric and magnetic fields indicated. The scale is in centimeters.
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FIG. 2. Scattering parametss; measured in a R9 waveguide for the struc-

ture in Fig. 1. FIG. 4. Computed SCS for the structure in Fig&)3solid curvg and 3b)

(dashed curve

is not the case in Fig.(8), where only one gap is cut by the b7 T T
normal ring’s strip.

Figure 4 shows the computed scattering cross section
(SCS associated with the structures in Figsa)3and 3b).

The small discrepancy between the experimental and nu-
merical resonance frequencies is related to the fact that in the
experiment the waveguide implicitly imposes periodic
boundary conditions on the structure, which shifts the reso-
nance frequency.

The response of the structure in FigaBis perfectly L
isotropic in theOxy plane and when the illumination angte
in that plane changes, the SCS reported in Figsalid line)
is not at all alterednot shown. This is also the case for the
configuration in Fig. &), now with a slightly higher reso-
nance frequencyFig. 4, dashed line FIG. 5. Computed SCS for the structure in Figc)under different illumi-

On the other hand, the configuration in Figci3is no ~ nation anglesy in the Oxy plane(Fig. 1).
longer isotropic in thedxy plane, or in any other illumina-
tion plane. Evidence of this is seen in Fig. 5, where we show
the corresponding SCS for different illumination directians
in the Oxy plane. Figure 5 shows that one of the SRR that ;2
forms the CSRR structure is no longer operating. As dis-
cussed in Refs. 1 and 6, a SRR responds to the flux of the y
magnetic field. For the configuration in Fig(c the results X
in Fig. 5 indicate that SRR still responds to the incident
field (for example, wherp=90°, only SRR, contributes to
the resonance since the magnetic field does not penetrates. 6. (a) Structure built from three identical SRRs normal to each other.
through SRR,). On the other hand, fop=0, where SRR, (b) Structure composed of three SRRs of increasing size.
should have a strong resonance, we only observe a minute
peak in Fig. 5.

These results indicate that the location where the strips
of two SRRs intersect determines the resonances properties r 1
of the overall structure. We believe that in the configuration 6| ]
in Fig. 3(a), both SRRs intersect at a “neutral point” which
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FIG. 3. Three different configurations of CSRRa&! same configuration as
in the experimentjb) the Oxz SRR is rotated 90°{c) the Oxz SRR is FIG. 7. Computed SCS for the structure in Figh)dor the three orthogonal
rotated 45°. illumination directions.
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does not disturb the charge distribution. To illustrate this, let  Let us finally come back to the structure in Figag

us consider the external strip of ti@xz resonator in Fig. which provides isotropy in th®,, plane. By varying the
3(a). Plus and minus charges accumulate at the extremities aeparation distandebetween inner and outer rings, it is pos-
this strip, on either side of the gap at the top of the structuresible to strongly increase the comput@dfactor: Q= 80(t

By virtue of symmetry, the opposite point at the bottom of =5 mm), 135(=3 mm), 520(=1mm), and 1200(

the structurgpoint « in Fig. 3) remains neutral, irrespective =0.5 mm). The resonance frequency is correspondingly red-
of the illumination direction. It is the same for the external shifted.

strip of theOyzresonator and it does not matter if both strips ~ To conclude, the CSRR structures proposed in this letter
intersect at this neutral point. A similar situation arises forshow very strong resonance and perfect isotropy in one illu-
the inner strips of the CSRR in Fig(s8. On the other hand, mination plane. By building up an array of such CSRRs with
for the structure in Fig. @), the external strip of SRR  periodic or random orientations, it should be possible to ob-
intersects that of SRR at a point which is not neutral for tain an effective material with isotropic magnetic properties
SRR, (point B in Fig. 3. This strongly disturbs SRR  on average.

which barely resonates anymo(Eig. 5. Since SRR, is Finally, the proposed CSRR structure maximizes Fhe
intersected at its neutral point, its resonance is not affectegharameter introduced by Pendeyal.! which represents the
as illustrated in Fig. 5 fop=90°. fractional area of the unit cell occupied by the interior of the

The previous results imply that it is not possible to createsplit-ring resonator and determines the width of the fre-
a fully isotropic CSRR structure from three identical SRRsquency band over which the effective permeability of the
normal to each other. In such a case, the strip of a resonatsystem is negative. Lardge values render left-handed effects
will always be intersected at a non-neutral point, as illus-easier to exploit.

trated in Fig. §a). This particular geometry does not resonate , )
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