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Abstract Thin layers of all-dielectric metamaterials based

on TiO2 spherical particle resonators are investigated. A new

method based on spray drying of dissolved nanoparticles is

used in the fabrication process. Spectral footprints of electric

and magnetic dipoles are reported numerically and through

experimental tests. It is a promising step for the construction

of novel three-dimensional isotropic metamaterials exhibit-

ing desired electromagnetic properties for terahertz applica-

tions.

1 Introduction

Since their advent, metamaterials have been explored for

their potential use in sub-diffraction-limited imaging [1],

medical imaging [2], sensing applications [3], cloaking [4],

and so on. We focus in this paper on the study of all-

dielectric (AD) metamaterials based on layers of titanium

dioxide (TiO2) microspheres. Their effective electric and

magnetic responses are related to Mie resonances in each
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single particle. For high-enough dielectric permittivity of

the particles, it is then possible to achieve e.g. negative ef-

fective magnetic permeability [5]. Although AD metama-

terials have raised broad interests [6], only a few of them

have been experimentally shown to present a magnetic res-

onance in the THz spectral range. For example, laser micro-

machining was employed to fabricate a tunable THz meta-

material made of SrTiO3 rods [7]. The majority of other

works focused on the microwave region. For instance, Zhao

et al. demonstrated experimentally a negative magnetic per-

meability at microwave frequencies in a three-dimensional

dielectric composite metamaterial based on high dielectric

permittivity cubic particles of Ba0.5Sr0.5TiO3 (BST) coated

with Teflon (PTFE) [8]. Vendik and Gashinova [9] in their

work investigated theoretically and numerically a periodic

composite medium consisting of two lattices of dielectric

spherical particles with different diameters or dielectric con-

stants at microwave frequencies. The authors showed that

an effective isotropic double negative medium (DNG) can

be realized in the frequency region where the resonance

of the TM mode in one kind of particles and of the TE

mode in the other kind of particles are achieved simultane-

ously. Moreover, Peng et al. [10] observed experimentally a

left-handed behavior at gigahertz frequencies in an array of

standard dielectric resonators. Lepetit et al. [11] have mea-

sured a negative refractive index in an all-dielectric meta-

material in the microwave frequency range. Shibuya et al.

[12] predicted theoretically a left-handed behavior in a lat-

tice combining two sets of TiO2 cubes with two different

sizes.

2 Our investigated metamaterials

In this work, inexpensive methods were used to fabricate

monodisperse micron-sized spheres. First, we mixed com-

mailto:r.yahiaoui@loma.u-bordeaux1.fr


892 R. Yahiaoui et al.

Fig. 1 (a) Schematic view of the simulated microsphere-based

metamaterial, with the relevant geometrical dimensions: diameter

d = 45 µm, period P = 103 µm, and the appropriate electric and mag-

netic field polarizations. (b) Scanning electron microscope images of

our TiO2 microspheres before the sorting procedure

mercial TiO2 nanoparticles with ethanol to obtain a liq-

uid suspension, which was suddenly dried upon spraying

through a flame. This resulted in assembling TiO2 nanopar-

ticles into fragile mostly spherical dense clusters. These mi-

crospheres were then sintered in a tube furnace at 1200 ◦C

for 2 h, in order to solidify them and to minimize their poros-

ity. A scanning-electron-microscope image of these particles

is shown in Fig. 1b.

The microspheres were finally sieved and sorted along

their diameters d . We investigated powders with the fol-

lowing diameters: (i) MS<38, d < 38 µm, (ii) MS38–40,

38 µm < d < 40 µm, and (iii) MS40–50, 40 µm < d < 50 µm.

3 Result of numerical and experimental

characterization

We measured the complex transmission and reflection of

the samples by terahertz time domain spectroscopy (THz-

TDS) to retrieve the effective electromagnetic response of

the metamaterial structures. A thin layer of TiO2 micropar-

ticles has been spread randomly between two thick blocks

of sapphire separated by a 70 µm thick Teflon o-ring. This

fixes and controls the thickness of the film, which is then

essentially composed of a single layer of the microparticles.

THz pulses passing through the structure directly carry

information about the complex transmittance of the pow-

der, while THz pulses coming from internal reflections

in the blocks and from the partial reflection on the sap-

phire/powder interface carry information also about the

complex reflectance of the powder (Fig. 2a). These pulses

are resolved as a sequence of echoes in the time-domain

signal transmitted through the entire structure [13] (see

Fig. 2b). The sapphire block B is about two times thicker

than the block A, which ensures that the first internal reflec-

tion in the block A does not mix with the internal reflections

Fig. 2 (a) Scheme of the pulse propagation through the structure AXB

(sapphire–powder–sapphire) and within the three associated reference

measurements. The reflected beams are shifted vertically for graphical

clarity. (b) Example of the time-domain signal transmitted through the

structure AXB. Dotted lines delimit the intervals containing: I—main

pulse (E0-AXB ); II—1st echo in A (E1-AXB ); III—superposition of 1st

echo in B and 2nd echo in A

from the block B. The measurement has to be supplemented

by three reference measurements: (i) waveform transmitted

through the block A (including the first echo), (ii) waveform

transmitted through the block B, and (iii) waveform trans-

mitted through an empty space. The complex transmittance

and reflectance spectra of the metamaterial are then calcu-

lated from

t =
EAXB

0 Eref

EA
0 EB

0

·
4zB

(1 + zA)(1 + zB)
, (1)

r =
EAXB

1 EA
0

EA
1 EAXB

0

·
1 − zA

1 + zA
, (2)

where zA and zB are the relative wave impedances of the

blocks A and B, respectively, and E denotes the Fourier

transformations (spectra) of the time-domain signals defined

in Fig. 2a. The use of the same blocks in the reference

measurements ensures that the transmittance and reflectance

phase is not corrupted by a possible uncertainty in the deter-

mination of the thickness of these blocks. We used thick sap-

phire blocks (3 and 6 mm). The internally reflected pulses

(echoes) are thus separated by more than 60 ps (see dot-

ted lines in Fig. 2b), which enables a good spectral resolu-

tion (1/(60 ps) ≈ 0.03 THz). The transmission and reflection

spectra are then extracted numerically as shown in Fig. 3. In

the related numerical simulations, we considered a periodic

array of monodisperse spheres (d = 45 µm, filling factor =
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Fig. 3 Spectra of the sample

MS40–50: simulated (solid lines)

and measured (hollow circles)

magnitude of the reflection (a),

phase of the reflection (b),

magnitude of the transmission

(c), phase of the transmission

(d)

10 %), as illustrated in Fig. 1a. We found that TiO2 mi-

croparticles have a relative dielectric permittivity of about

92 and a moderate loss level of about 5 % (tan δ ∼ 0.05) at

terahertz frequencies. The overall agreement between simu-

lation and experiment is rather good, keeping in mind that a

regular structure is simulated while the measured sample is

necessarily irregular and the microspheres may touch each

other. We notice minor differences in the simulated phases

compared to the measured ones (cf. Fig. 3b and d) above the

first Mie mode around 0.75 THz, which is probably due to

the polydispersity of the microspheres.

4 Retrieval of the effective electromagnetic parameters

Using the retrieval method based on the inversion of Fresnel

equations [14], we determined the effective permittivity and

permeability. The result of the extraction procedure is given

in Fig. 4. There is a good agreement between the simulated

and the measured effective magnetic responses (Fig. 4b).

We believe that magnetic resonances are excited individu-

ally within each particle forming the metamaterial and they

are only weakly influenced by the mutual coupling between

particles [7, 16, 17]. Both measured and calculated effective

dielectric permittivities are rather low (Fig. 4a), which is due

to the low filling factor (about 10 %) and low percolation de-

gree which is controlled by the actual structure of the film

[15].

Furthermore, the calculated permittivity at low frequen-

cies is significantly lower than the measured one and the res-

onance observed here is not as strong as the measured one.

This difference between simulation and experiment can be

partly explained by the complex topology of our samples

(note that a simple square lattice of microspheres was con-

sidered in the simulations represented in Fig. 1a). In order to

attempt reproducing the resonant behavior of the electric re-

sponse, we performed further numerical calculations taking

into account pairs of microspheres in contact (dimers) ar-

ranged in a rectangular lattice, as illustrated in Fig. 4c. The

resonant behavior, similar to the experimental one shown in

Fig. 4d, is then observed in the permittivity spectra for a

probing electric field parallel to the dimer axis.

On the one hand, polydispersity of the spheres in samples

broadens the resonance and prevents µ from reaching nega-

tive values. On the other hand, numerical simulations show

that using a much larger filling fraction (e.g. 50 %) provides

a metamaterial with µ < 0 in spite of the inhomogeneous

broadening. This implies that the microparticles fabricated

by our method can induce a negative-permeability metama-

terial for large filling fractions. Unfortunately, the high ab-

sorption for filling fractions exceeding ∼15 % precluded an

accurate experimental determination of the permeability in

such structures.

5 Conclusions

In conclusion, TiO2 microparticle-based metamaterials were

fabricated using an inexpensive spray-drying method. Nu-

merical calculations and experimental characterizations

have been conducted, demonstrating effective electric and

magnetic response at terahertz frequencies, due to Mie res-

onances. It is a promising step for implementing improved

electromagnetic functionalities, involving cheap and easily

made metamaterials.
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Fig. 4 Dielectric permittivity (a) and magnetic permeability (b) of the

sample MS40–50. Circles: measured data, lines: simulations incorporat-

ing inhomogeneous broadening. (c) Configuration of the dimer, with

the probing electric field parallel to its axis. (d) Real part of the di-

electric permittivity of the dimer (sphere diameter 50 µm, filling factor

15 %) compared to the experimental permittivity from (a)
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17. R. Yahiaoui, H. Němec, P. Kužel, F. Kadlec, C. Kadlec, P.

Mounaix, Opt. Lett. 34, 3541 (2009)


	TiO2 microsphere-based metamaterials exhibiting effective magnetic response in the terahertz regime
	Abstract
	Introduction
	Our investigated metamaterials
	Result of numerical and experimental characterization
	Retrieval of the effective electromagnetic parameters
	Conclusions
	Acknowledgements
	References


