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Abstract: We investigated some magnetic metamaterials based on
cut-wire pairsinstead of split-ring resonatorsto quest for the possihility of a
negative magnetic permeability. Several periodic structures of cut-wire pairs
were designed and fabricated, and their transmission spectra were measured
in the microwave-frequency regime. The width dependence of magnetic-
resonance frequency was studied both theoretically and experimentally for
the periodic structures of cut-wire pairs. It was found that, besides the length
dependence, the magnetic-resonance frequency also depends significantly
on the width of cut-wire pair. A simple equivalent-circuit model proposed
by Zhou et al. [Opt. Lett. 31, 3620-3622 (2006)] was employed to elucidate
this interesting phenomenon and to simulate the width dependence. In
the simulation the magnetic and the electric energies of the cut-wire pair
were directly calculated to obtain the magnetic-resonance frequency. The
theoretical results are in good agreement with the experimental ones. It
revealsthat thereis arather easy way to manipul ate the magnetic-resonance
frequency of magnetic-magnetic metamaterials.
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OCIS codes: (160.1245) Artificially engineered materials;, (160.3918) Metamaterials;
(260.5740) Resonance.

References and links

1.

2.

3.

4.

5.

6.
7.

D. Smith, W. Padilla, D. Vier, S. Nemat-Nesser, and S. Chultz, “ Composite medium with simultaneously negative
permeability and Ppermittivity,” Phys. Rev. Lett. 84, 4184-4187 (2000).

M. Gokkavas, K. Guven, |. Bulu, K. Aydin, R. S. Penciu, M. Kafesaki, C. M. Soukoulis, and E. Ozbay, “ Experi-
mental demonstration of aleft-handed metamaterial operating at 100 GHz,” Phys. Rev. B 73, 193103 (2006).

S. Zhang, W. Fan, N. C. Panoiu, K. J. Malloy, R. M. Osgood, and S. R. J. Brueck, “Nanofocusing of optical
energy in tapered plasmonic waveguides,” Phys. Rev. Lett. 95, 137404 (2005).

V. M. Shalaev, W. Cal, U. K. Chettiar, H-K. Yuan, A. K. Sarychev, V. P. Drachev, and A. V. Kildishev, “Negative
index of refraction in optical metamaterials,” Opt. Lett. 30, 3356-3358 (2005).

S. Zhang, W. Fan, K. J. Malloy, S. R. J. Brueck, N. C. Panoiu, and R. M. Osgood, “Near-infrared double negative
metamaterials,” Opt. Express 13, 4922-4930 (2005).

J. B. Pendry, “Negative refraction makes a perfect lens,” Phys. Rev. Lett. 85, 3966-3969 (2000).

D. Schurig, J. J. Mock, B. J. Justice, S. A. Cummer, J. B. Pendry, A. F. Starr, and D. R. Smith, “Metamaterial
electromagnetic cloak at microwave frequencies,” Science 314, 977-980 (2006).

#87606 - $15.00 USD  Received 17 Sep 2007; revised 26 Nov 2007; accepted 27 Nov 2007; published 30 Nov 2007
(C) 2007 OSA 10 December 2007 / Vol. 15, No. 25/ OPTICS EXPRESS 16651



8. H. Chen, L. Ran, J. Huangfu, X. Zhang, K. Chen, T. M. Grzegorczyk, and J. A. Kong, “Left-handed materias
composed of only S-shaped resonators,” Phys. Rev. E 70, 057605 (2004).
9. J. Huangfu, L. Ran, H. Chen, X. M. Zhang, K. Chen, T. M. Grzegorczyk, and J. A. Kong, “Experimental con-

firmation of negative refractive index of a metamaterial composed of Q-like metallic patterns,” Appl. Phys. Lett.
84, 1537-1539 (2004).

10. Z.G.Dong, S.Y.Le, Q.Li, M. X. Xu, H. Liu, T. Li, F. M. Wang, and S. N. Zhu, “Non-left-handed transmission
and bianisotropic effect in a z-shaped metallic metamaterial,” Phys. Rev. B 75, 075117 (2007).

11. J. Zhou, L. Zhang, G. Tuttle, T. Koschny, and C. M. Soukoulis, “Negative index materials using simple short
wire pairs,” Phys. Rev. B 73, 041101(R) (2006).

12. V. Yannopapas and N. V. Vitanov, “ Photoexcitation-induced magnetism in arrays of semiconductor nanoparticles
with a strong excitonic oscillator strength,” Phys. Rev. B 74, 193304 (2006).

13. V. Yannopapas, “Negative refraction in random photonic aloys of polaritonic and plasmonic microspheres,”
Phys. Rev. B 75, 035112 (2007).

14. C.Rockstuhl, F. Lederer, C. Etrich, T. Pertsch, and T. Scharf, “ Design of an artificial three-dimensional composite
metamaterial with magnetic resonances in the visible range of the electromagnetic spectrum,” Phys. Rev. Lett.
99, 017401 (2007).

15. L.Peng, L. Ran, H. Chen, H. Zhang, J. Kong, and T. M. Grzegorczyk, “Experimental observation of |eft-handed
behavior in an array of standard dielectric resonators,” Phys. Rev. Lett. 98, 157403 (2007).

16. J. A. Schuller, R. Zia, T. Taubner, and M. L. Brongersma, “dielectric metamaterials based on electric and mag-
netic resonances of silicon carbide particles,” Phys. Rev. Lett. 99, 107401 (2007).

17. G. Dalling, C. Enkrich, M. Wegener, J. F. Zhou, C. M. Soukoulis, and S. Linden, “Cut-wire pairs and plate pairs
as magnetic atoms for optical metamaterials” Opt. Lett. 30, 3198-3200, (2005).

18. J. Zhou, E. N. Economon, T. Koschny, and C. M. Soukoulis, “Unifying approach to left-handed material design,”
Opt. Lett. 31, 3620-3622 (2006).

19. K. Guven, M. D. Caliskan, and E. Ozbay, “Experimental observation of left-handed transmission in a bilayer
metamaterial under normal-to-plane propagation,” Opt. Express 14, 8685-8693 (2006).

20. J. S. Hong and M. J. Lanscaster, Microstrip Filters for RF/Microwave Application (Wiley-Interscience, New
York, 2000).

21. P Gay-Balmaz and O. J. F. Martin, “Electromagnetic resonances in individual and coupled split-ring resonators,”
J. Appl. Phys. 92, 2929-2936 (2002).

1. Introduction

Left-handed material (LHM) has been studied extensively in recent years due to their unique
physical properties [1-5] and novel applications [6, 7]. One of the most attractive features of
LHM is the possibility of obtaining the negative refraction over a certain frequency range. If
permeability and permittivity are simultaneously negative over a common frequency range,
then amedium with left-handed behavior can be realized. It iswell known that it is not difficult
to obtain a medium with € < 0, e.g., by a periodic array of wires, for frequencies smaller
than the plasma frequency. The medium with u < 0 is, however, still a major challenge for
researchers, since it occurs only in a narrow frequency band. Therefore, the control of the
magnetic-frequency band of the magnetic component for u < 0 plays an important role for the
practical realization of LHM when it is combined with the el ectric component. To date, besides
the early invented split-ring-resonator (SRR) structures, there are severa different structures
for achieving a negative magnetic permeability, such as S-shaped [8], Q-shaped [9], and 7-
shaped [10], and cut-wire pair structures [11]. Together with metallic continuous wires, LH
behavior was theoretically and experimentally investigated in the microwave and the optical
regimes. Recently, some proposal and advancesin magnetic metamaterials, which are different
from the mainstream structures, were also studied by using the Mie theory [12-16]. These
results provide important contributions to the community of metamaterials.

The cut-wire pair structure has been receiving a considerable interest, however, the electro-
magnetic (EM) response of the cut-wire pair structure has not been fully elucidated yet [17,18].
Furthermore, the main advantages of the cut-wire pair structure, compared to the other struc-
tures, isits ability to produce strong magnetic resonance for normal-to-plane propagation with
only one cut-wire pair layer. Thus, to obtain LHM working at optical frequency by employing
the cut-wire pairs can be easily fabricated and experimentally characterized, considering the
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current nano-fabrication technology.

The cut-wire pair structure consists of a pair of finite-length wires separated by a dielectric
layer. This structure also exhibits both a magnetic and electric resonances as in SRRs. Theo-
retically, it might be possible to obtain a LHM only using an array of cut-wire pairs. However,
the recent experiments have revealed that an efficient approach to achieve the LH behavior by
employing the cut-wire pairsisto combine them with continuouswires[11,19].

Zhou et al. [11] have proposed avery simple LC model describing the cut-wire pair structure.
The magnetic-resonance frequency of cut-wire pair isgivenby fy, = ﬁ = n%;g_r, where ¢,
is the speed of light in vacuum, | is the length of cut-wire, and ¢, is the relative dielectric
constant of the dielectric layer. The formula suggests that the magnetic-resonance frequency
is inversely proportional to the length of cut-wire pair, but independent of the width of cut-
wire. This argument, however, is based on a very simple assumption that all the electric and
the magnetic fields are entirely confined into the space between the cut-wires. Since the edge
effect might play arole and neighboring cut-wire pairs also influence the field, it is desirable to
examine the width dependence of the magneti c-resonance frequency.

In this report, we report both theoretically and experimentally the width dependence of the
magneti c-resonance frequency for periodic structures of cut-wire pair. It was found that besides
the length dependence, the magnetic-resonance frequency also depends significantly on the
width of cut-wire pair. We developed a simple model to directly cal culate magnetic-resonance
frequency, and the width dependence was elucidated. The results of simulation reveal that the
width dependence of the magnetic-resonancefrequency is significant and arein good agreement
with the experimental ones.

2. Experiment

For the experimental study, the cut-wire pair was fabricated using the conventional printed-
circuit-board (PCB) process with copper patterns (36 um thick) on both sides of a dielectric
substrate (0.4 mm thick) with a dielectric constant of 4.8. The design of the cut-wire pair struc-
ture is similar to that of Refs. [11] and [19]. The geometrical parameters of the cut-wire pair
(I, w, and others) are depicted in Fig. 1, along with the values for the cut-wire systems studied
here. The periodicity along the x and the y direction was achieved by printing the 2-dimensional

array of cut-wire pairs on a planar PCB. The period of cut-wire pair in the x —y plane is kept
constant to be ay = 3.5 mm and ay = 7.0 mm. The length of cut-wire pair is| = 5.5 mm, and
the width variesfrom w = 0.7 to 1.8 mm. The periodicity along the z-direction was obtained by
stacking anumber of cut-wire pair boards with alattice constant of a, = 0.9 mm. We performed
the transmission measurements in free space, using a Hewlett-Packard E8362B network ana-
lyzer connected to the microwave standard-gain horn antennas. In this measurement, the EM

wave was incident normal to the sample surface [see Fig. 1(b)].

3. Resultsand discussion

Figure 2 displays the measured transmission spectra of the various cut-wire pair media with
three layers. Clearly, there are two bandgaps in each transmission spectrum. The results ob-
served here are similar to those in Ref. [19]. It is confirmed that the first bandgap is due to the
magnetic resonance and the second bandgap, which beginsto be formed at ~ 17.5 GHz, isdue
to the electric resonance. Very interesting results are observed in the first bandgap. As can be
seen that the stop band, where it < 0 in the transmission spectra, is shifted to lower-frequency
region, from 13.9 - 15.1 GHz to 12.7 - 13.7 GHz as the width of cut-wireis increased from w
= 0.7 to 1.8 mm. This result manifests that the magnetic-resonance band of the cut-wire pair
medium strongly depends on the width of the cut-wire, which is contradictory to the model
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Fig. 1. (Color online) (a) Geometry of the cut-wire pair. (b) Top view of the cut-wire pair
medium. The unit cell dimensions in the x and the y directions & = 3.5 mmand a, = 7.0
mm. Length | = 5.5 mm, and width w = 0.7 mm, 1.0 mm and 1.8 mm. (c) Photo of one side
of the fabricated cut-wire pair medium with w= 1.0 mm.

proposed by Zhou et al. [11, 18], where the magnetic-resonance frequency is independent of
the width of cut-wire pair.
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Fig. 2. Measured transmission spectra of the cut-wire pair medium with different widths of
the cut-wire

One possible scenario of the observed result isthat the shift of the magnetic-resonance band
might be due to the magnetic-coupling effect between neighboring cut-wire pairs along the
external magnetic field H [see Fig. 1(b)]. It is well known that the magnetic-coupling of two
components occurs as the ac current flowing in acomponent induces amagnetic field, which, in
turn, can influence neighboring componentsand excitesacurrent init. Thiseffect inducesamu-
tual inductance M between two magnetic components and depends on the separation distance
between the magnetic components [20, 21]. However, as shown in Fig. 3 and the theoretical

study (which we analyze in the rest of the paper), the magnetic coupling effect in these media
isinconsiderable.
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To examine the potential contribution of the magnetic coupling to the shift of the magnetic
bandgap, the transmission spectra of various cut-wire media with three layers were measured,
as shown in Fig. 3. For this study, the width of cut-wire is kept constant to be 1.0 mm but the
distance between the cut-wire pair is changed from 1.9 to 2.7 mm. Figure 3 clearly exhibits
that the magnetic-resonance frequency is aimost unchanged (only from 13.3 to 14.0 GHz) with
changing the distance between cut-wire pairs.
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Fig. 3. Measured transmission spectra of the cut-wire pair medium with different distances
between the cut-wire pairs. The inset shows the transmission spectra of the cut-wire pair
media with different numbers of layers.

One considerable change here is that the bandgap becomes stronger when decreasing the
distance between cut-wire pairs. It is quite reasonable since the density of cut-wire pair is
increased.

The transmission spectra of the cut-wire pair media with different numbers of layers were
also measured and displayed in the inset of Fig. 3. Similar to the case of changing the dis-
tance between cut-wire pairs, the magnetic-resonance frequency does not change significantly,
as the number of layers increases, while the bandgap becomes stronger. We also calculated
the magnetic-resonance frequency of the cut-wire pair medium with different length (I = 4.5
mm) but the same number of layers. Nearly no difference was found in the dependence of the
magneti c-resonance frequency according to the length change of the cut-wire pair on the width
of the cut-wire pair.

Thus, these results confirmsthat the shift of the magneti c-resonance band observed in Fig. 2
is not caused by the magnetic-coupling effect. It is due to the influence of the cut-wire width,
implying that the magnetic-resonance band depends on the cut-wire’s width.

These observations are in good agreement with our simulation. In the simulation, we use the
same equivalent-circuit model proposed by Zou et al. (see Fig. 3(c) in Ref. [18]) and directly
calculate the electric and the magnetic energies to derive the effective capacitance and induc-
tance for the magnetic-resonance frequency. For the electric energy, the electric field at every
point was calculated by assuming that the oppositely “induced” charges on the cut-wire pairs
are uniform. Later, similar to Ref. [18], some geometrical factor should be taken into account
to mimic the nonuniformity of the “induced” charge distribution. In the simulation, the number
of layers was taken to be 3 and the geometrical factor of 0.222 was taken into account for the
effective capacitance. The geometrical factor 0.222 is reasonable, asis estimated in Ref. [18].
In Ref. [18] the geometrical factor ranging from 0.2 to 0.3 was used by inspection. For the
magnetic energy, the oppositely “induced” currents flowing through the cut-wire pairs are also
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assumed to be uniform. The results of simulation are displayed in Fig. 4 together with the
experimental results.
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Fig. 4. Plot of simulated magnetic-resonance frequency as a function of the width of cut-
wire pair. The experimental data are also plotted.

Although the simulation does not quantitatively reproduce the experimental results, we can
clearly see that the magnetic-resonancefrequency decreases as the width of cut-wiresincreases,
which is qualitatively accordance with the experimental results. The discrepancy between the
experiment and simulation can be ascribed to the ‘incorrect’ assumption of the oppositely “in-
duced” charges on the metallic cut-wire pairs. In fact, the “induced” charge density is not uni-
form. Rather, the “induced” charge density varies along the length of cut-wire, negative at one
half and positive at the other half and symmetric in magnitude about the bisector. Thisvariation
of charge density may cause the change in the geometric factor. The inclusion of the varia-
tion of charge density in the calculation of capacitance may improve the agreement between
experiment and simulation.

4. Conclusions

We have studied experimentally and theoretically the width dependence of the magnetic-
resonance frequency for the periodic structures of cut-wire pair. It was found that, besides
the length dependence, the width of cut-wire pair affects remarkably the magnetic-resonance
frequency. Direct derivation of resonance frequency by using a rather simple model correctly
confirms the width dependence. For a given unit-cell size of combined structure, we can con-
trol the transmission band by changing the width of the cut-wire pair. Thisis of fundamental
importance in understanding the EM response of the cut-wire pair in the low-frequency region
and supportsfor the design of the LHMs working at high frequencies.
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