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Wave fields measured inside a negative refractive index metamaterial
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Measured spatial variations of field phase and amplitude versus position inside a wire/split ring
resonator negative refractive index metamaterial are presented that show that the phase velocity
inside a negative index material points toward the source and consequently that phase velocity and
energy flow are reversed in such a medium. These measurements directly demonstrate the
fundamental behavior of electromagnetic waves in a negative refractive index material. The same
internal field measurements are also used to accurately and reliably measure the effective bulk
properties of the negative index metamaterial2@4 American Institute of Physics
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Negative refractive index behavior in properly designedposition and the phase would be linear in each medium. But
metamaterials has been experimentally demonstrated througiven with loss and imperfect matching, the reversed phase
transmission maxima at theoretically expected frequehciesvelocity of the wave in the NIM is evident from the reversed
and through measurements of negative beam refraction at ahase gradiengsince v;1=w_1d¢/dz). This negative index
interface of positive and negative index materfafsThese  behavior should be clear as long as the standing wave ratio in
measurements are essentially incontrovertable evidence thidte NIM is not too high and thus the fields propagate in
negative refractive index materials can be built. predominantly one direction.

These measurements have all been based on electromag- Our experimental configuration was as follows. An
netic fields outside the negative index matedIM), and HP8720C Network Analyzer is used to measure all of he
consequently the fundamental behavior of the wave fieldparameters and internal fields presented here. A 0.6 m
inside a NIM has only been inferred in experiments. A mea-traight section of aluminum WR340 rectangular waveguide
surement that shows directlythat phase velocity and energlyl Eio cutoff frequency is 1.7 GHzwas used to contain the
flow are in opposite directions is possible from internal NIM NIM slab. Small access holes were drilled in the waveguide
wave fields. Such a measurement would be experimentdp provide access for a rigid coax probe inserted into the
confirmation of the fundamental physics of wave fields in amedium to measure electric field amplitude and phase. Rect-
NIM. But beyond providing insight and completing the angular flange adapters completed the input and output ports.
physical picture of NIMs, internal field measurements enable ~ We designed and built a NIM slab to have a negative
the probing of important parameters not easily accessiblgefractive index near 2.6 GHz, at the center of the single
through external field measurements, such as measuring tfig°de band of the waveguide. Figure 2 shows the relevant
effective bulk properties with minimal ambiguity, and deter- dimensions of the material inclusions and a photograph of

mining where in the metamaterial NIM the fields behave adn resulti“g wire—SRR—copper foil slab. Split ring resona-
though the medium is a continuous medium. tors (SRR9” were iteratively designed using Ansoft HFSS

In this letter, we present measurements of wave field§With a target resonant frequency of 2.6 QHind were fab-

inside a NIM metamaterial that show directly that the phasdicated on low-loss Rogers TMM3 substrate. 30 ANG wire

velocity inside the NIM points toward the source and is con-
sequently antiparallel to the energy flow. The wave fields
behave as though the metamaterial NIM is a continuous me-
dium only one unit cell from the edge of the metamaterial. It
is further shown that the internal fields can be matched to
theoretical calculations to measure the effective bulk electro-
magnetic propertiegspecifically, permittivity and permeabil-
ity) of the NIM in an overdetermined and thus robust and
convincing way.

Our aim was to measure fields like those in Fig. 1, which
shows the theoretical sinusoidal steady state electric field
amplitude and phase spatial distribution in a three slab con-
figuration(air/NIM/air) with a plane wave normally incident
from air. The NIM considered here is slightly lossy and not
perfectly matched to free space, resulting in the amplitude
decay in the NIM and the partially standing wave in the first
air section. If the NIM had relative permittivity and perme- FIG. 1. Theoretical plots of the field phase and amplitude distributions in a

ability Er:Mr:—]_, then the amplitude would be uniform with representative normal incidence three s{als/NIM/air) problem. The as-
sumed relative NIM parameters are shown. The reversed phase gradient in
the NIM is the targeted measurement and would confirm negative
¥Electronic mail: cummer@ee.duke.edu index behavior.
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FIG. 2. Left: a photograph of the NIM slab used in these experiments. Middle: a plan view of the NIM slab. Right: dimensions of an individual SRR in the
slab.

was looped through a styrofoam cdfer structural stability = narrow frequency band centered at 2.63 GHz, precisely
bounded by copper sheets to produce a thin wire mediurwhere the negative index band is expected. This transmission
with a unit cell dimension of 1.4 cm and therefore with anband suggestéut does not provenegative index behavior
effective plasma frequency of 3.94 GRZhe SRRs were between 2.60 and 2.65 GHzThe series of transmission
then slid into grooves cut in the foam core. The resultingpeaks between 2.30 and 2.45 GHz come from the well-
structure fits snugly in the waveguide, and the copper foilunderstood transmission maxima when the material slab is
ensures that each wire makes reliable electrical contact withn integer number of half-wavelengths thick. This was con-
the waveguide walls. This slab was inserted in the center ofirmed by observing the number of spatial field minima in-
the waveguide for measurement. side the slab, and is expected since the slab permeability
The field structure inside the wire—SRR metamaterial isncreases sharply below the resonant frequefayd thus
complicated due to quasistatic fields associated with the elegvavelength decreases sharply with frequéncy
trically small inclusions. To minimize their effect on the We then measured the electric field in each access hole
measurements, the access holes are offset from the centergifthe waveguidgsome in the NIM slab and some in the)air
the waveguide to place the measurement points as far froggt the apparent negative index frequencies with the hope of
the SRRs and wires as possible. Also, the holes are spacegeing field amplitude and phase spatial distributions similar
one unit cell length of the metamaterial so that the measureg the ideal in Fig. 1. Figure 4 shows the measured field
fields are equivalent at each point. phase and amplitude spatial distributions at 2.6175 GHz, the
For ease of fabrication, our NIM slab only contains frequency with the best impedance match and thus most lin-
SRRs that respond to the transverse magnetic field in thgar field phase. The field amplitude shows a small standing
TE;o waveguide mode, and the material is thus anisotropicyave ratio(SWR) in both air regiong=<2.2), indicating that
The wires and wave electric field point in thelirection, and  reflections from the terminating adapter and from the NIM
the SRRs are in the-z plane to respond to thg-directed  gjah are small and therefore each of the three regions con-
transverse magnetic field. If we model this as a homogetsins one dominant wave direction.
neous material with relative permittivity, and relative per- The wave phase gradient in each sl@bmpare to Fig.
meabilities u, in the propagation direction anfly in the 1) shows clearly that the air regions contain wave fields with
transverse directiotthese are the only fields present in the 5 phase velocity pointed away from the soulée., the
TE;omods, then, assuming exjwt) time dependence and a phase is progressively delayed away from the sourekile
spatial dependence of eifjkzz)exp(-jkyy), the resulting  the NIM slab contains wave fields with a phase velocity that

wave dispersion relation is points back toward the sour¢ee., the phase is progressively
KR K2 2 advanced away from the soujc&he energy in all regions
K _ o :
—+ =g (1) must flow away from the source; consequently this measure-
My M ¢ ment shows that phase velocity and energy flow are antipar-
and thus allel inside a NIM. By probing the internal physics of NIMs
2
e
K= ey — K. 2
z — ExMy 2 ,U«zki (2)

Therefore ifu,=1 ande,, u, <0, k; is real and thus the phase

and energy propagate in the directions they would in an iso- g—zo»
tropic NIM in the absence of a waveguidie,=0). We con- 3
clude that the wave fields in our anisotropic material in a =
F40L i o PN T

waveguide should exhibit negative refractive index behavior.
Such a_ material is actually an indefinite “never-cutoff’ P
medium’ P VAR

Figure 3 shows the measured frequency-depen8eat 20 22 24
rameters for this three slab configuration. Little wave energy

enters the slalg.e., S;; is near unity magnitudeexcept in a  FIG. 3. Measured parameters for the three slab waveguide configuration.
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complexities(including the reflection from the transmission-
side adapterare included. The initial parameters were modi-
fied less than 10% during the iteration. The resulting param-

: i E eters aree,=0.09+0.02 and u,=-2.58-1.17, and Fig. 4
I b R shows the good agreement between the measured fields and

S v T R, those that are theoretically expected from these parameters.
| The measured amplitude inside the NIM exhibits the correct
e e e | spatial variation but is roughly 5 dB smaller than expected
T x for a bulk medium. We attribute this to the quasistatic fields
] from the discrete inclusions; simulations indicate that the
Tomeasured 061002 field amplitude can be enhanced or suppressed depending on
Hy=-2.58-1.17)| | exactly where in the unit cell the fields are sampled.

3 ? To roughly quantify the uncertainty in the measured pa-
rameters, we find changes of +10%iy are still essentially
consistent with the measured fields. The permittivdtyis
much less well-determined becauseef <1, the(,uy/,uz)ki

; : ] term dominates in the dispersion relati(®); consequently
NIl 1 air the influence ok, on the measured wave propagation param-
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250 —200 —150 -100 50 0 50 100 150 eters is weak. We attribute the lack of a strongly negative
position in waveguide (mm) permittivity to the well-documented difficulties of control-

ling the permittivity in a wire—SRR medium. Houalt al.

distributions. The reversed phase gradient in the NIM confirms oppositeheXPerimentally observed a wire-SRR medium response sig-

directed phase velocity and energy flow. Also shown are theoretical fits tdlificantly different from that expecte4dand Li et al. found

the data used to measure the effective bulk permittivity and permeability othat, empirically, two wires per SRR can be required to gen-

wave electric field amplitude (dB)

FIG. 4. Measured electric field phaé®ep) and amplitudgbottom) spatial

the NIM. erate a significant negative permittivity.

Note that even though our estimated has a weakly
directly, this measurement shows that, inside the NIM, thepositive real part, the wave still propagates in a “backwards”
wave fields behave as expected both theoretically and frorsense and supports our measurements of the basic physics of
previous NIM transmission experiments. These measureyave propagation in a NIM. This is easily seen from the
ments also show that wave fields in the discrete metamaterialansverse wave impedan&g/H, = u,uow/k, in this aniso-
behave as if the medium were continuous even only one unttopic medium. Ifu, andu, have opposite signs, then Q)
cell from the interface. shows that even for small positivg, the wave numbek, is

The effective electromagnetic properti¢®., permittiv-  predominantly real. In this case, the signf dictates the
ity and permeability are measureable from these fields. phase velocity and energy flow directions; for examplé, if
Beam refraction experiments can measure the real part of js positive andu, is negative, then the phase velocity is in
with precision, but loss is harder to quantify. Controll®d the +z direction, but the impedance is negative and thus the
parameter measurements can measure both real and imaghergy flow is in the z direction.
nary parts ofe andu, but they are exactly determined by the | conclusion, measured wave fields inside a negative
measurements and therefore it is hard to identify experimenindex metamaterial explicitly demonstrate that phase veloc-
tal errors or an incorrect assumed material model. In conity and energy flow are oppositely directed. Internal field
trast, permittivity and permeability are overdetermined bymeasurements also show that wave fields in metamaterial
the internal fields at many different positions and therefore agomposed of discrete inclusions behave like those in a bulk,
least some of these ambiguities can be resolved. continuous medium even a short distan@me unit cell

We estimatee, and uy in Eq. (1) (recall thatu,=1inour  |ength from the edges of the metamaterial. These effective
materia) through the following procedure. We first assume 1k properties(permittivity and permeability of the me-
that the edges of the effective NIM slab are half of a unit cellgiym can be extracted from the internal field measurements

length away from the wires at the edges of the slab. Theyith reasonable precision and minimal ambiguity.
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