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Abstract: We study experimentally propagation of electromagneticesa
through a slab of uniaxial magnetic metamaterial. We oleservange of
novel phenomena including partial focusing and splittimgp i multiple
transmitted beams. We demonstrate that while some of tixpsgimentally
observed effects can be described within the approximati@n effective
medium, a deeper understanding of the experimental resedfgires a
rigorous study of internal eigenmodes of the lattice of nesors.
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1. Introduction

Recently, the study of microstructured metamaterials kasived considerable attention in
both physics and engineering. Metamaterials are artifcatposites designed to exhibit the
physical properties not usually found in nature. The firstammterials were created by combin-
ing the lattices of split-ring resonators (SRRs) and longewietched on dielectric substrates.
Lattices of microstructured resonant elements are capljpeoducing strong magnetic and
dielectric responses at microwave frequencies [1], ang éx@ibit unique properties such as
negative refraction [1], sub-wavelength imaging, and kilog [2]. Most of the available theo-
retical models describe the properties of these compdsitéeremagnetic metamaterials within
the framework of the effective medium approximation. THea&fve-medium approach is based
on a simple averaging of the material response over thedatii microelements, and it does
not take into account any internal modes or resonances ofttbeture. Nevertheless, such
eigenmodes exist in metamaterials composed of SRRs, ancitbeeferred to as magnetoin-
ductive (MI) waves (see, e.g., Ref. [3]). Existence of su@ves can significantly modify the
metamaterial response as compared to the effective metiewnyt

In this paper we study, both experimentally and numerictily effect of magnetoinductive
waves on the transmission properties of uniaxial composiééamaterials consisting of the
lattice of SRRs. This type of metamaterial was first studig&mithet. al. [4, 5, 6, 7], and
it was calledan indefinite mediumsince the tensor of effective magnetic permeability has
the main components of the opposite signs. Such media dératmsteresting effects such
as negative refraction [5], partial focusing [4], and splatieam filtering [6] all previously
described by the effective medium approach. In contrastdsd earlier works, here we report
a series of novel effects whiatannot be described within the effective medium theory

More specifically, we excite a slab of a magnetic metamdtbyia monopole antenna and
analyze the beam structure behind the slab. Although tHe s€dhe composite constituents
remainmuch smallethen the wavelength of the excitation radiation (one of tlegomrequire-
ments for the applicability of the averaged theories), wseole that an effective medium fails
to describe some of the observed effects, including the beaittiple splitting. We develop
a numerical algorithm for describing the lattices of SRR$eirms of inductively interacting
resonant loops, and confirm qualitatively the major effetiserved in experiments.

2. Experimental setup

A slab of magnetic metamaterial is assembled by stackingai&c substrates with metallic
SRR structures with the same dimensions as the structueesu®ef. [8], and is constructed
of 50 um thick tin-plated copper on a 0.5 mm thick GML-1000 circuitalod substrate. The
unit cell of the SRR lattice is 6 mm ixdirection by 3.3 mm irz (see Fig. 1). Each board has
3 unit cells inzand 41 unit cells irx, and the corresponding total physical dimensions are 10
mm by 246 mm. Boards are stacked together, so that the uh#izeiny direction is 0.55 mm.
We have measured two samples having 20 and 25 layers, congisg to the metamaterial
thicknesses ity direction of 10 mm and of 12.5 mm, respectively.

To measure the electromagnetic field scattering on our sanfile magnetic metamaterial
slab was placed into a parallel plate waveguide similar ® aused in Ref. [8]. The planes of
SRRs are aligned perpendicular to the parallel plate sesfathe input antenna is placed at the
midpoint of the lower plate, 6 mm from the metamaterial sialiront of the central SRR unit
cell, and it consists of a bare center conductor of 1.26 mmeliar and 8.5 mm long of semi-
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Fig. 1. Schematic of the experimental setup for measurement of the seattering. SRR
geometry is identical with one used in Ref. [8]

rigid coaxial cable. The antenna is positioned perpendicia the bottom plate. An identical
antenna is placed in the center of the top plate, and is useetaier antenna for raster scan
of the fields in the horizontal plane. The measurements aferpged in an anechoic chamber
to minimize ambient noise. The input antenna is excited aB# using an Agilent EB364A
vector network analyzer. The output antenna is connectitetaetwork analyzer as well, and
measurements of the electric field inside the waveguidevaleated in terms of the magnitude
and phase 0%,; between the source and receiver antenna. Due to the twaadiomal nature
of the parallel plate waveguide, as well as symmetry of ounde, the electric field in the
scanned area is expected to remain polarized mainly peipéadto the plane of the plates
(i.e., inz-direction).

3. Experimental results

The electric field is mapped within a rectangular area of 20bgmi0 cm (see schematic in
Fig. 1), with the smaller dimension oriented in the direatid propagation (along). The area
being scanned is 1.85 cm from the input antenna. The appganaisiconfigured to measure the
magnitude and phase of the electric field with a step size2® &m (3200 points in total). The
frequency was scanned over a range from 6 GHz to 14 GHz, vatjuéncy steps of 0.1 GHz.

In the case of 20-layer metamaterial we observed near-figtteqms created by the TE
guided mode propagating along strongly anisotropic metriiahin the transversex) direc-
tion [9](from 6 GHz to 8.6 GHz, as seen in the video attacheth&oFig. 2), and a partial
focusing, qualitatively similar to the phenomena desdilveRef. [4], (from 8.6 GHz to 10.6
GHz). Typical structure of the transmitted beam in partiaiusing regime is shown in Fig. 2
(a,d), where we plot the magnitude and the phase of the ieldield measured at 10 GHz.
However, above 10.7 GHz, in contrast to the effective medhaory prediction, the central fo-
cus splits into two collimated beams (areas of intensivdYittlat propagate at an angle relative
toy. The magnitude of the signal transmitted through the slgbRR metamaterial, measured
at 10.8 GHz, is shown in Fig. 2 (b, €). Upon an increase in ®eqy, the “beams” gradually
separate from each other and the angle between them insredsik the intensity of the field
in the “beam” areas decreases (see Fig. 2 (c,f)). The “beamas’e out of the scanned area
completely above 12.5 GHz. Phase distributions (Fig. 2)rtkthe metamaterial slab have
discontinuities that correlate with the shape of the lobebé corresponding magnitude plots,
indicating generation of vortices (see, e.g., [10]).

The beam splitting, or spatial filtering, that we observezkisimilar to the resonant cone
formation in planar anisotropic metamaterial (grid of L4€raents and TL segments) [11, 12].
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Fig. 2. Field structure behind the 20-layer magnetic metamaterial slaturSfr@ magni-
tude (a, b, ¢) and phase (d, e, f) of the transmitted signal, for threzeliff frequencies, 10
GHz, 10.8 GHz and 11.7 GHz.

However, the physical origin of these phenomena is complei#ferent. Balmain et. al. [11]
observed beam splitting inside the planar anisotropic material while we observed the beam
splitting in the air behind the metamaterial slab.

Reference measurement of the field structure in the waveguiitiout magnetic metamate-
rial confirmed the cylindrical shape of the wave radiatedhgyantenna and also demonstrated
that the attenuation seen in the field is not significant. Téld fintensity in the beam regions
behind the metamaterial is comparable, or even higher tiefidld intensity in the same area
in the reference measurements.

The field structure behind the metamaterial slab dependgisantly on the slab thickness.
In the case of the 25-layer metamaterial we observed péotiaking in the higher frequency
range (from 10.3 GHz to 11.8 GHz) compared to the case of pé-Kructure. Moreover, there
is no splitting of the focus into two side beams upon an ingeda the frequency above 11.8
GHz. However, we did observe splitting of the central focus ithree separate focal points at
lower frequencies. Thus, the field structure at 8.2 GHz shiavig. 3 (a) has three distinct foci,
the central beam and the two side beams behind these foti.aWiincrease in frequency, the
distance between the side foci decrease in conjunctiontivitfangle between the side beams
(compare the field structure at 8.2 GHz and 8.8 GHz in Fig. 8)thay finally collapse at the
center giving rise to a "partial focus” upon further increas frequency. This collapse is also
accompanied by the rise of two other side beams. With fuiitt@ease in the frequency, the
angle between these beams increases , and they move toWardsundaries of the scanned
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Fig. 3. Field structure behind the 25-layer magnetic metamaterial slaturSfr@ magni-
tude (a, b, c) and phase (d, e, f) of the transmitted signal, for thremeiff frequencies, 8.2
GHz, 8.8 GHz and 11.2 GHz.

area and then disappeatr.

4. Theoretical approach

4.1. Effective medium approach

In order to understand the field distributions observed exptally, we carried out HFSS sim-
ulations employing effective medium approximation. Aatiog to this approach the magnetic
metamaterial was modeled as anisotropic medium with thegalility tensor having non-zero
diagonal components. Typical field distributions insidd Aehind metamaterial calculated for
Hxx = Mzz= 1 and iy = —1.5 are presented in Fig. 4. Comparison of the field distrilsutio
behind the metamaterial slab as presented in Fig. 4 to theuresh field structure shown in
Fig. 2(a) and in corresponding video, shows that the effegtiedium approach can be used
to explain the generation of the TE guided mode (Fig. 4 (afl) jzartial focusing (Fig. 4 (b)).
This is in full agreement with the results of Ref. [4]. Howgwhe calculated field structure
qualitatively preserves its features in the frequency eafingm 8.6 GHz till 14 GHz, and for
wide range of possible values gfy < 0. Thus, the beam splitting observed in our experiment
behind the magnetic metamaterial slab cannot be predigtéuistheory.
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Fig. 4. Simulated field distributionsK|) generated by the current source located at the
distance 4mm from the slab. Shown are results for (a) f = 8.5 GHz,[grfd=(9 GHz.

4.2. Magnetoinductive waves in SRR array

In order to overcome the restrictions of the effective medapproach and to explain the exper-
imental results on beam splitting, we study the wave séatjdry an array of interacting mag-
netic dipoles in quasi-static approximation. Such arraygertmagnetoinductive wavds].
First, we calculate the dispersion of such waves, assumip(jt) time dependance. Cor-
responding isofrequency curves are shown in Fig. 5. Duedcstiong axial coupling of the
resonators in our magnetic metamaterial, the Ml waves éxistwide frequency range below
the resonant frequency of the individual resonabg approximately from 0.6&y to 1.05uwy).
Isofrequency curves in the rangebBuy < w < 0.71wy are qualitatively similar to the hy-
perbolic dispersion curves obtained from an effective mediheory [4]. However, the isofre-
guency curves for@lay < w < 1.05an have no analogs in that approach. The dramatic change
in the shape of isofrequency curves that occur® &y ~ 0.71 would require components of
permeability perpendicular to the axis of SRRs to be negativich can not be justified within
the effective medium approximation.

Next, we study numerically the excitation of Ml waves anditleéfect on the field structure
behind the metamaterial slab. Each SRR was modeled as argsircuit and the currents
in each resonator were calculated using the following equafl3]:

Zn|n+ZZnn’|n’ = én. (1)
n

HereZz, is self-impedance of the-th SRR,Z,,y is mutual impedance of the resonators with the
numbersn andr’, and &, = iwppSH, is the external electromotive force, whe3és the area
of the SRR, andH, is the component of the magnetic field perpendicular tathieresonator.
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Fig. 5. Isofrequency curves of magnetoinductive waeels.are structural periods along
andy directions. Marked are the normalized frequenciesuy.

In our geometry, we approximate radiation of our sourcerardavith dipole radiation formu-
las [14], and calculaté&}, for each resonator. Then, we solve Eq. (1) for the currentath
resonator. The total field created in our structure is cateal asE;, = Eg;+ $ En,, WhereEg,

is thez-component of the source field, akg; is thez-component of the electric field radiated
by then-th SRR. The field emitted by each SRR was approximated byeltedf a small loop
antenna [14].

In our simulations, we use the parameters taken from theriempet. The resonant frequency
of an individual resonator is 10 GHz [8], self-impedanceld tesonator is approximated by
a single-resonance model, and mutual inductance of sgesoeators is calculated as a super-
position of mutual inductances of interacting straightises of the resonators. Results of nu-
merical simulations are shown in Fig. 6 for two differentifuencies. Field distribution shown
in Fig. 6 (a) relates to the case of TE guided mode excitatishitas in a good agreement with
experimental results (video attached to the Fig. 2) and thighresults of HFSS simulations
shown in Fig. 4 (a). Furthermore, simulated field structuveyin Fig. 6 (b) confirms that the
excitation of magnetoinductive waves is responsible ferdbmplicated field pattern generated
behind the metamaterial slab. As discussed above, disparsives corresponding to this case
do not have reasonable analogs within the effective mednaory.

Our simulations describe the experimentally observed pimema only qualitatively. Appar-
ently, the use of the quasi-static model for interacting SRRrough mutual inductanc&sy)
is not accurate enough in the case when the size of the resasd@ist ten times smaller then
the free-space wavelength, as was first noticed in Ref. fr5jrie-dimensional magnetoinduc-
tive waves. The model of lattices @iteracting dipoleq16] is more accurate. Indeed, if we
compare our isofrequency surfaces shown in Fig. 5 with tladsained in Ref. [16], we can
see that the quasistatic model does not describe all modés structure. However, the main
conclusion of both the theories is the same, namely thatffeetize medium approximation is
not valid for all frequencies.
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Fig. 6. Electric field intensityE,| distribution for 20-layer metamaterial slab in logarithmic
scale: (a)w = 7.5GHz and (b)w = 10.5GHz Yellow lines show edges of the magnetic
metamaterial slab. Field below the slab in (b) is plotted in different color szatgared
to the rest of the figure in order to enhance representation. Cormisgocolorbars are
presented on the figures.

5. Conclusions

We have observed experimentally the waveform splitting tato or multiple beams after the
propagation of electromagnetic waves through a slab of astagmetamaterial. We have em-
phasized that this effect can not be described by a stanbdeadetical approach based on the
effective-medium approximation when a slab of microsuetl composite is characterized by
some effective permittivity and permeability. Instead, hewe suggested that the transmission
properties of metamaterials can be affected significantlihbir internal resonances, such that
the multiple beam formation observed in the experimentskeaattributed to the excitation
of magnetoinductive waves. From the other side, by incafuy tunable or nonlinear com-
ponents into metamaterial structure would allow achieviogel tunable functionalities for
steering and advanced beam control.
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