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Abstract: We characterize resonances of 3D fiber metamaterials under transmittance at oblique
incidence. The resonance frequency of longitudinally invariant resonators increases with the

incident angle, while the resonance of disconnected resonators does not.
OCIS codes: (160.2290) Fiber materials; (160.3918) Metamaterials.

1. Introduction

Electromagnetic metamaterials attract much attention, providing optical properties that are not found in nature by
arranging artificial resonant metal-dielectric structures on the sub-wavelength scale [1]. Recently, fiber drawing has
emerged as a means of inexpensively fabricating bulk 3-dimensional metamaterials [2-4]. This process has so far
allowed the production of continuous metal wires down to the micrometer [2] and nanometer [5] scale (allowing
tailoring the effective permittivity), as well as longitudinally invariant metallic split-ring resonators on the
microscale [3,4] (allowing tailoring the magnetic permeability). Previously [3], we fabricated U-shaped
longitudinally invariant magnetic resonators in fiber form that possessed magnetic resonances near 0.35 THz at
normal incidence. Here we extend this procedure, using laser-ablation to break the longitudinal invariance,
effectively producing 3-dimensional patterned arrays of on-fiber resonators. We measure the resonant transmittance
properties of our fiber resonators as a function of incident angle using THz spectroscopy. We find that for the 3D
(patterned) arrays the resonance does not shift as a function of angle, in contrast to the longitudinally invariant
(unpatterned) samples. Our experimental results are in good agreement with three-dimensional finite element
simulations.

2. Fabrication and Characterization

The fabrication procedure for our unpatterned samples is presented in Ref. [3]: a square preform of Zeonex [6]
polymer is drawn to fiber with 100um width, spooled onto a cylinder, and placed in a sputtering unit, where a
~250nm silver coating is applied on three sides to form U-shaped square resonators. This fiber is then re-spooled to
produce a single flat metamaterial fiber array, supported in a frame. In this work, we used laser ablation to
periodically remove ~20um portions of the metal coating on the three sides [Fig. 1 (a)], breaking the longitudinal
invariance, and leaving three-dimensional resonators with a width of 10um, patterned on the fiber. A top-view
optical microscope image of the resulting patterned and unpatterned portion of the samples is shown in Fig. 1(b).
We first measured the transmittance under TE polarization (electric field directed along the fibers). All
measurements were performed between 0.2-1 THz using terahertz time domain spectroscopy. The results
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Fig.1: (a) Schematic of the laser-ablation procedure for producing 3-dimensional (patterned) resonators from longitudinally invariant
(unpatterned) resonators. (b) Optical microscope image of the patterned and unpatterned fibers. (¢) Measured and simulated transmittance for
patterned and unpatterned samples for TE polarization (electric field directed along the fibers).
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are shown in Fig. 1(c) (solid lines.) Note that for the unpatterned portion of the sample, the array behaves like a
high-pass filter due to the electric currents induced in the metal by the electric field, which is typical of sub-
wavelength metallic gratings [1, 2]. In contrast, the electric field is transmitted in the patterned portion of the
sample, confirming that our fibers have been ablated on three sides, and that the resonators are electrically
disconnected from each other. This is in good agreement with COMSOL finite element calculations (dashed lines).
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Fig.2: (a) Schematic of the transmittance experiment under TM polarization and oblique incidence. (b) Experimental and numerical spectral
transmittance for different angles of incidence  for (i) the unpatterned and (ii) the patterned portion of the sample.

We experimentally characterized the transmittance for the patterned and unpatterned samples under TM
polarization (electric field perpendicular to the fibers) for different illumination angles 0, as shown in Fig. 2(a). The
results are shown in Fig. 2(b)(i) for the unpatterned samples and Fig. 2(b)(ii) for the patterned samples. Dips in
transmission are associated with a strong magnetic resonance and thus strong variations in the effective magnetic
response [3]. We observe that the resonant frequency for the unpatterned portion of the sample increases as the angle
0 increases, thereby exhibiting strong spatial dispersion, which is a well-known issue in the case of wire
metamaterials [7], but to our knowledge has not yet been studied in longitudinally invariant resonators. In contrast,
the resonant frequency for the patterned fibers remains unchanged as the angle 0 increases, in agreement with other
oblique-incidence transmittance studies in split-ring resonators [8]. We model our fiber arrays using a 3-
dimensional finite element method (COMSOL), and obtain transmittance from scattering matrix parameters; the
simulated geometry included a 100 pm square Zeonex [6] fiber, coated by 1 um of silver on three sides, within a
300 um-wide unit cell with Floquet boundary conditions to account for periodicity and changes in the incident
angle. The simulation results, presented in Fig. 2(b), are in good agreement with experiment.

4. Conclusion

In conclusion, we have presented a procedure for fabricating 3-dimensional THz magnetic metamaterials in fiber
form by laser ablating metal-coated square fibers. We characterized their resonances at oblique incidence, finding no
strong dependence of resonant frequency on incident angle, in contrast to their longitudinally invariant counterparts,
which exhibit strong spatial dispersion.
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