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Abstract: Rigid metamaterials were prepared by embedding TiO2 microspheres into polyethy-
lene. These structures exhibit a series of Mie resonances where the lowest-frequency one is
associated with a strong dispersion in the effective magnetic permeability. Using time-domain
terahertz spectroscopy, we experimentally demonstrated the magnetic nature of the observed
resonance. The presented approach shows a way for low-cost massive fabrication of mechani-
cally stable terahertz metamaterials based on dielectric microresonators.
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1. Introduction

Electromagnetic metamaterials are artificial media with optical response strongly modified due
to structuring on a macroscopic scale. A proper design allows on-demand tailoring of various
unique effective optical properties not found in natural materials [1], like magnetic response
above sub-terahertz frequencies [2]. The negative magnetic permeability is a prerequisite for
achieving a negative refractive index, which can find a variety of applications including imaging
beyond the diffraction limit [3, 4].

Most metamaterials for the terahertz (THz) spectral range are nowadays based on metallic res-
onators which offer the possibility to design a large variety of functionalities [5–7]. Micrometer-
sized resonant metallic structures are prepared by optical lithography techniques which require
clean room facilities. All-dielectric metamaterials may be easier to fabricate while they still
provide the possibility to achieve a tunable magnetic response e.g. close to the first Mie reso-
nance [8–11].

In this paper, we focus on the investigation of THz metamaterials based on TiO2 microsphere
resonators. TiO2 is a suitable dielectric material due to its high permittivity and low dielectric
losses [12]. In our previous work, the TiO2 microspheres were dispersed in air, forming nearly
a single-layer sample enclosed between two sapphire wafers [13]. Here we embedded the TiO2

microspheres into a polyethylene matrix which enabled us to prepare a rigid bulk metamaterial
with a controllable concentration of microresonators. We performed measurements using time-
domain THz spectroscopy to characterize fully the response of such structures and to confirm
its magnetic character. The retrieved spectra of effective dielectric permittivity and magnetic
permeability are discussed within Mie theory and Maxwell-Garnett effective medium model.

2. Sample

TiO2 microspheres with a diameter of a few tens of micrometers were prepared by a bottom
up approach. A liquid suspension of TiO2 nanoparticles was first spray-dried producing fragile
TiO2 microspheres. These were subsequently sintered in a furnace at 1200◦C for two hours,
in order to consolidate individually each sphere (see Fig. 1). Using X-ray microtomography
(Ultra of Zeiss-Xradia), we found that the particles show polycrystalline rutile structure with a
porosity of 15%. The microspheres were finally sieved and sorted along their diameters in order
to obtain a narrow size distribution. In this work, we focused on microspheres sorted between
the sieves with nominal sizes 38 and 40 µm.

The TiO2 microspheres were mixed with polyethylene powder and a pressure of 14 MPa was
used to prepare rigid pellets with random spatial distribution of the TiO2 microspheres. We ob-
served that higher pressures (28 MPa) damage the TiO2 microspheres. Pellets with thicknesses
1 and 3 mm were prepared. The concentration of rutile in the polyethylene matrix is determined
by a precise measurement of the weight of the components. Taking into account the porosity the
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Fig. 1. TiO2 microresonators (A) X-ray radiography of TiO2 microparticles embedded in a
polyethylene pellet (B) Scanning-electron-microscope image of the TiO2 microparticle.

permittivity of rutile particles was about 92 [13]. For reference purposes, pure polyethylene pel-
lets were prepared too. Using time-domain THz spectroscopy we found that such pellets exhibit
a constant permittivity (εH = 1.98) and negligible losses (tan δ ∼ 0.002 around 1 THz).

3. Electromagnetic simulations

Dispersed dielectric microspheres with high permittivity represent a Mie resonance-based meta-
material, where the effective response relies on the resonance of individual elements while the
coupling between isolated microparticles has only minor influence on the resonance properties.
This allows us to simplify the theoretical investigations: we consider a periodic array of the
microspheres and neglect the influence of the disorder. Note that this metamaterial behavior
fundamentally differs from that of photonic crystals where the optical response is controlled
mainly by the coupling between the constituents [14].

We employed a finite-difference time-domain (FDTD) simulation software package
MEEP [15] to calculate the transmission and reflection spectra of TiO2 microspheres with di-
ameter d = 35 µm arranged in a square lattice a × a and embedded in the centre of a slab
with dielectric permittivity εH and thickness a. The filling fraction of TiO2 in such a sample is
s = πd3/(6a3). In order to account for the losses, the permittivity of rutile was considered as
92+2i f , where f is a frequency in THz [13]. The Nicolson-Ross-Weir (NRW) method [16–18]
was used to retrieve the effective dielectric permittivity ε and effective magnetic permeability μ
from the simulated spectra of the metamaterial.

We investigated how the filling fraction and the ratio between the permittivity of the mi-
crospheres and the host matrix affect the position and the strength of the magnetic response
associated with the first Mie mode (Fig. 2). This resonance is located around 0.9 THz and its
position changes only weakly in the studied range of the parameters. In Fig. 2(a) we observe
that for εH = 2 the permeability becomes negative for filling fractions s > 5%. However, the
strength of the resonance and the minimum negative value of the effective permeability decrease
with increasing εH, as shown in Figs. 2(b, c). For s = 18%, the range of the negative effective
permeability completely disappears for the host material permittivity exceeding ∼ 5.

Attention must be paid to the conditions under which the structure can be approximated as
homogeneous and described by effective parameters. For the host permittivity εH exceeding 3,
the spectra of effective permeability μ start to strongly deviate from the resonance curve charac-
teristic for a damped harmonic oscillator. Simultaneously, a pronounced antiresonance pattern
emerges in the spectrum of effective permittivity [19]. These are signatures that the homog-
enization procedure is no more applicable when the lattice constant approaches the radiation
wavelength in the host medium. A more general formalism is then required [20] describing the
medium by effective permittivity ε( f , �k) with explicit dependence on the wavevector �k.

The simulations demonstrate the existence and magnetic character of the first Mie resonance
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Fig. 2. Calculated effective magnetic permeability spectra μ(ω) of a single layer of TiO2
microspheres with diameter 35 µm arranged in a square lattice with unit cell a × a embed-
ded in a medium with permittivity εH and thickness a. (a) Variable filling fraction s (and
lattice constant a), host permittivity εH = 2; (b,c) Variable host permittivity, a = 50 µm
(=filling factor of 18%). The colour scale in (c) represents the value of μ.

in our system near 0.9 THz and they show the possibility to achieve the negative permeability
for filling fractions higher than 5% of rutile microspheres embedded in polyethylene.

4. Experiment

Time-domain THz experiments were performed using a custom-made setup described in [21]
and a commercial Teraview THz spectrometer. Simultaneous determination of complex dielec-
tric permittivity ε and complex magnetic permeability μ from spectroscopic measurements re-
quires the acquisition of two independent complex quantities. In time-domain THz spectroscopy,
the temporal profile of ultrashort THz pulses is measured, therefore multiple internal reflections
of the THz beam in the sample appear as a series of mutually delayed echoes. For sufficiently
thick samples, one can apply temporal windowing [22] and experimentally determine the trans-
mittance Tm corresponding to the echo leaving the sample after 2m internal reflections (T0 is
the transmittance corresponding to a direct pass without internal Fabry-Pérot reflections). Such
an approach enables various strategies for the retrieval of ε and μ. Here we employ the method
where ε and μ are calculated from the transmittances T0 and T1 corresponding to the direct pass
and to the first echo (Fabry-Perot reflection) in the sample, respectively [23]. Ref. [23] discusses
also the experimental errors of evaluation of ε and μ, which are quite high due to the inherently
lower accuracy in the experimental determination of the wave impedance.

5. Results

An example of effective magnetic permeability retrieved from T0 and T1 of a 3-mm thick pellet is
shown in Fig. 3. A magnetic resonance around 0.9 THz is clearly resolved: this experimentally
confirms the effective magnetic behavior of the metamaterial associated with this first Mie mode.
Since all constituents are non-magnetic, the permeability at low frequencies should be equal to
1, in agreement with the observations. The slight tilt observed in Im μ is due to a minor phase
shift caused by a long-term drift of the spectrometer. There is a very small contrast between
refractive indices of the metamaterial and air, which leads to a weak Fresnel reflection, and
consequently, to a weak first echo and transmittance T1 (inset in Fig. 3). Small artefacts in the
waveform of the order of T0/250 may then cause the noise observed in the spectrum. In this
situation, even a small crosstalk between signals belonging to T0 and T1 may cause a large error
in the calculated transmission function T1. This crosstalk may really occur because the sharpness
of the first Mie resonance leads to a long lasting ringing in the time-domain waveforms.
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Fig. 3. Effective permeability of a 3 mm thick polyethylene pellet with low concentration
(≈ 0.15%) of TiO2 around the first Mie resonance. Inset in the upper panel shows the
waveform of raw experimental data. The signal corresponding to the first internal reflection
is multiplied by 50 to make it visible.

The resonance in Fig. 3 was fitted using the damped harmonic oscillator model, which leads
to a central frequency of 0.896 THz and a damping of 41 GHz. The direct pass T0 and the first
echo T1 are detected with a time delay of 28 ps which limits the time window for the Fourier
analysis to Δt ≈ 26 ps. This determines the frequency resolution of the experiment (∼ 38 GHz)
and, consequently, it broadens the measured width of the resonance [11]; the deconvoluted
width of the first Mie mode is then 15 ± 5 GHz. Such a damping is much smaller than that
observed in a dense monolayer of these microparticles reported in [13]. The microspheres in the
pellets are much sparser: the weaker damping may indicate that the coupling between individual
microspheres is reduced. Since, namely in the vicinity of the resonance, T1 rapidly decreases
with increasing filling factor, the retrieval of ε and μ from T0 and T1 fails for filling factors
exceeding tenths of percent. For this reason, we carried out the investigations with higher filling
factor based solely on the transmittance amplitude obtained from long time-domain scans which
involved the sum of all measurable Fabry-Pérot reflections (Fig. 4).
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Fig. 4. (a) Transmission spectra of 1 mm-thick polyethylene pellets with various concen-
trations of TiO2 spheres. Symbols: experimental data, lines: fits using Maxwell-Garnett
theory. (b) Effective permeability corresponding to the fitted transmission spectra. Filling
factors were obtained from the component weights (nominal values) and from the fits.

In order to gain further insight into the properties of the metamaterial, we employed a dy-
namic Maxwell-Garnett theory [24], in which we account for the distribution of sizes of the
microspheres. It turns out that a size distribution with two characteristic mean radii r1 and r2
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needs to be considered to reproduce the observed transmittance spectrum:

g(r) =
w√
2πσ

exp

[
− (r − r1)2

2σ2

]
+

1 − w√
2πσ

exp

[
− (r − r2)2

2σ2

]
, (1)

where σ is the width of the distributions, and w and 1 − w are the weights of the first and
second size, respectively. We denote by ctot the total number of spheres per unit volume; then
ctotg(r)dr is the number density of spheres with the size in the range (r , r + dr). The effective
permittivity ε of a composite containing such a distribution of spheres with the polarizabilities
α(r) reads:

ε − εH
ε + 2εH

=
1

3ε0εH

∫ ∞

0
ctotg(r)α(r)dr. (2)

The polarizability α(r) is obtained from the Mie theory [24, 25] as α(r) =

4πε0εH 3ia1(r)/(2k3), where k = 2π f
√
εH/c is the wave vector of radiation in the host

medium and a1 is the electric-dipole Mie coefficient of a sphere with radius r . Similar equa-
tions can be derived also for the magnetic response where the magnetic-dipole Mie coefficient
b1 is introduced. We finally find:

ε = εH
k3 + 4πictot

∫ ∞
0

g(r)a1(r)dr

k3 − 2πictot
∫ ∞

0
g(r)a1(r)dr

μ =
k3 + 4πictot

∫ ∞
0

g(r)b1(r)dr

k3 − 2πictot
∫ ∞

0
g(r)b1(r)dr

. (3)

The use of the Maxwell-Garnett theory is well justified, because the concentration of micro-
spheres is low (below 5%) and the spatial distribution is random. In the fits the transmission T
was calculated using the standard Airy formula including all internal reflections.

A good match between the calculated and measured spectra is found for mean particle radii
r1 = 17µm, r2 = 13.5µm and a distribution width σ = 1µm. These parameters are supported
by a optical microscope analysis, which revealed a comparable ellipticity of the microparticles.
Furthermore, the filling factors obtained from the fit by the Maxwell-Garnett theory (0.4%, 1.5%
and 6.7%) are in good agreement with those determined from the weights of the components
when preparing the pellets (0.4%, 1.0% and 5%, respectively). Note that in the Maxwell-Garnett
theory calculations, we optimized the thickness of the pellets (typically within 30 µm) in order
to match the interference pattern at low frequencies.

6. Conclusion

We fabricated rigid metamaterials made of TiO2 spherical microresonators embedded in poly-
ethylene. We observed a magnetic effective response in the vicinity of the first Mie resonance.
Using finite-difference time-domain calculations of the effective response we found that a range
of negative effective magnetic permeability can be achieved for sufficiently high filling factors
and contrasts between the permittivities of the resonators and the embedding medium. The
developed structures are prototypes of cheap mechanically stable terahertz metamaterials.
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