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Spray-drying technique is used to fabricate spherical microparticles out of dissolved TiO,
nanoparticles. We show both experimentally and through numerical calculations that the microspheres
support a Mie resonance, leading to an effective magnetic response. For this purpose, nearly single
layers of microspheres were prepared and characterized by time-domain terahertz spectroscopy. We
developed an experimental approach allowing simultaneous measurement of complex transmittance
and reflectance of a thin layer, which in turn enables evaluation of its effective dielectric
permittivity and effective magnetic permeability. Numerical finite-element-method calculations of the
electromagnetic response show that the prepared microparticles are suitable for preparing a
metamaterial with negative effective magnetic permeability. © 2012 American Institute of Physics.

[doi:10.1063/1.3683540]

Electromagnetic metamaterials are artificial structures,
which can exhibit specific on-demand optical properties.'
For example, one can tailor metamaterials with simultane-
ously negative dielectric permittivity and magnetic perme-
ability,> which are of ultimate interest for sub-wavelength
imaging applications.> While negative permittivity related to
the plasma resonance occurs in most metals in a broad spec-
tral range, negative permeability does not naturally occur
beyond the gigahertz frequencies.

The dimensions of the metamaterial pattern must be
sub-wavelength, which implies micron- or at most tens-
micron sized elements for terahertz (THz) metamaterials.
Most THz metamaterials reported so far were based on sub-
wavelength metallic resonators prepared by lithographical
methods.* However, negative effective permeability can be
also achieved in dielectric resonators in the vicinity of a Mie
resonance.” A review of Mie resonance-based structures was
recently published.® Various dielectric metamaterials were
proposed, including those with left-handed behavior.” How-
ever, most of the experimentally tested structures show
resonances in the microwave region,” while only a few of
them were demonstrated in the THz spectral range. For
instance, laser micromachining was employed to fabricate a
tunable THz metamaterial made of SrTiOs rods.®

In a vast majority of investigations, only transmission
spectra of THz metamaterials are measured, and their agree-
ment with numerical simulations of the metamaterial
response is then considered as a proof of their desired prop-
erties.” In principle, the dielectric and magnetic response can
be retrieved when both complex transmittance and complex
reflectance spectra are available.'® In practice, it is difficult
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to measure the reflectance phase with high enough accuracy
and specific experimental approaches or specific configura-
tions of the time-domain THz spectrometer are needed.®!"!?

In this Letter, we report on the resonant response of
TiO, dielectric microspheres fabricated by a cheap spray-
drying technique. We developed an experimental approach
allowing measurements of the effective dielectric permittiv-
ity and effective magnetic permeability of single-layer films
made of such resonators.

Nanoparticles of TiO, were mixed with ethanol to
obtain a liquid suspension, which was dried upon spraying
through flame. This resulted in assembling nanoparticles into
fragile mostly spherical clusters. These microspheres were
then annealed in a tube furnace at 1200 °C for 2 h, in order to
solidify them and to minimize their porosity (Fig. 1(a)). The
microspheres were finally sieved and sorted along their
diameters d. We investigated the following powders: (i)
MS _3g, d < 38 um, (ii) MS3g/40, 38 pm < d <40 um, and (iii)
MS40/50, 40 um < d< 50 Him.

We placed a thin layer of TiO, microparticles between
two thick blocks of sapphire separated by a 70 um thick Tef-
lon o-ring. This fixes 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 infor-
mation about the complex transmittance of the powder,
while THz pulses coming from internal reflections in the
blocks and from the partial reflection on the sapphire/powder
interface carry information also about the complex reflec-
tance of the powder (Fig. 1(b)). These pulses are resolved as
a sequence of echoes in the time-domain signal transmitted
through the entire structure'? (see Fig. 1(c)). The sapphire
block B is about 2 times thicker than the block A, which
ensures that the first internal reflection in the block A does
not mix with the internal reflections from the block B. The

© 2012 American Institute of Physics
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FIG. 1. (a) Scanning electron microscope images of the fabricated TiO,
microspheres before the sorting procedure. (b) Scheme of the pulse propaga-
tion through the structure AXB (sapphire—-powder—sapphire) and within the
three associated reference measurements. The reflected beams are shifted
vertically for graphical clarity. (c) Example of the time-domain signal trans-
mitted through the structure AXB. Dotted lines delimit the intervals contain-
ing: I—main pulse (Ef*2); II—Ist echo in A (E{*B); Ill—superposition of
Ist echo in B and 2nd echo in A.

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 transmitted through
an empty space. The complex transmittance and reflectance
spectra of the metamaterial are then calculated from

Appl. Phys. Lett. 100, 061117 (2012)
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where z, and zg 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. 1(b). 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 dotted
lines in Fig. 1(c)), which enables a good spectral resolution
[1/(60 ps) ~ 0.03 THz]. The effective permittivity and per-
meability are then retrieved similarly as in Ref. 10.

The experimental results are summarized in Fig. 2. For
all three studied powders, we clearly observe the characteris-
tic resonant behavior of the effective magnetic permeability.
As expected, the resonance frequency shifts to higher fre-
quencies as the mean particle size decreases. In the static
limit, the powder metamaterial should not show any mag-
netic response.” This allows judging the measurement accu-
racy: at low frequencies, the effective permeability indeed
approaches 1 + 0i.

For a deeper insight into the response of the micropar-
ticles, we carried out numerical finite-element simulations of
a periodic array of microspheres using commercial software
Ansoft Hrss. The magnetic resonance is defined by four pa-
rameters: the mean size and the permittivity of microspheres
mainly determine the resonant frequency, the filling fraction
controls the resonance strength, and the polydispersity of
particles broadens the resonance.

We assumed that the sieving procedure yields micro-
spheres with well-defined mean diameter for the samples
MSs3g/40 and MSyp/50 (39 and 45 um, respectively). Due to
the particulate nanostructure of microspheres, their permit-

AXB frref o . .
f— EyTE™ ] 4zp (1) tivity is isotropic and should be equal to the mean permittiv-
ESES  (14:za)(1+2p)’ ity of rutile (er = 114 (Ref. 14)). Under these conditions, the
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FIG. 2. Permittivity (&) and permeability (1) of the investigated films. Symbols: measured data; lines: results of numerical simulations with parameters from
Table I. Real part: solid line and closed symbols; imaginary part: dotted line and open symbols. Right panel: top—square lattice of TiO, microspheres used in
numerical simulations; bottom—disordered structure of the powder used in experiments.
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simulations give too low resonant frequencies (Fig. 3). How-
ever, the nanostructure of the spheres—namely, the presence
of air voids within the spheres (Fig. 1(a))—effectively low-
ers the permittivity of the microspheres themselves; we
found that the value of 92 is optimal to match the resonant
frequencies. Note that such a difference is not surprising in
particulate systems.'> The mean microsphere diameter for
the sample MS_3g is unknown. However, if we assume that
the permittivity of these microspheres is also 92, the resonant
frequencies are matched for the diameter of 33 um.

The measured resonance is considerably broader than
the resonance observed for the monodisperse microspheres
(Fig. 3). This is a consequence of inhomogeneous broaden-
ing: the measured permeability spectra can be well matched
when a Gaussian distribution of microparticle sizes or refrac-
tive indices is considered (Fig. 2 and Table I). These results
can be understood as follows. The finest sieve does not limit
the smallest particle size, which results in a rather small
mean microsphere diameter (33 um) and in the broadest dis-
tribution of microsphere properties. The smallest spread
between particle sizes in MS3g/40 should lead to the narrow-
est resonance. However, we find that the inhomogeneous
broadening is almost the same as that for the MSy¢/50. This
indicates that there is a significant distribution in the permit-
tivity of microparticles.

The effective permeability is controlled by the resonan-
ces in individual particles, and it is only weakly influenced
by the coupling between particles.8 The corresponding spec-
tra are thus only weakly influenced by the mutual alignment
of the microspheres. As a result, there is a good agreement
between measured and calculated permeability spectra, de-
spite the fact that a disordered powder was characterized
experimentally while a simple square lattice of microspheres
was considered in the simulations.

The differences between the measured and calculated
permittivity are quite big: simulations provide a lower static
permittivity value and no resonance. The low static permit-

2
1.6
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£
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o L
0.4
0
-0.4

F e K
e 12% 92 0
— 12% 92 8%
—— 50% 92 8%
——-12% 114 O
©  MSsg40
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Frequency (THz)

FIG. 3. Lines: calculated permeability of a single layer of monodisperse
microspheres with diameter 39 um. F: filling factor; er: permittivity of the
microparticles; P: polydispersity. Symbols: measured permeability of the
MS3g/40 sample.
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TABLE I. Parameters of the investigated microspheres obtained from the fit
of THz permeability spectra; asterisk denotes the nominal microspheres
size. Polydispersity stands for the standard deviation of a Gaussian
distribution.

Sample MS_35 MSsg/40 MS.0/50
Mean diameter (um) 33 39" 45"
Polydispersity (P) 16% 8% 8%
Filling fraction (F) 8% 12% 10%

tivity is closely related to the low filling factor and low per-
colation degree, which is controlled by the actual structure
of the film."> The effective static value obtained from simu-
lations corresponds, as expected, to the Maxwell-Garnet
effective medium model with (non-percolated) spherical par-
ticles. By contrast, the Lichtenecker effective medium
model'®

e=Fé +(1—F) (3)

better describes the observed static value (/2) for an expo-
nent k£ ~ 0.2. This indicates a complex topology of the
microspheres network.'® As an attempt to reproduce the res-
onant behavior, we performed simulations of the response of
the electromagnetic interaction with pairs of microspheres in
contact (dimers) arranged in a rectangular lattice. The reso-
nant behavior, similar to the experimental one shown in
Fig. 2, then appears in the permittivity spectra for the prob-
ing electric field parallel to the dimer axis.

The numerical simulations show that use of much larger
filling fraction (e.g., 50%) leads to a metamaterial with
slightly negative permeability even in the presence of inho-
mogeneous broadening (Fig. 3). The investigated micropar-
ticles thus may potentially form a negative-permeability
metamaterial for large filling fractions, although a narrower
distribution would be required to reach, e.g., u=-1.
Unfortunately, the high absorption for filling fractions
exceeding ~15% precluded the experimental permeability
determination in such structures.

In summary, spherical TiO, microparticles were fabri-
cated by spray-drying technique. A layer of such micro-
spheres exhibits an effective magnetic response related to
the presence of Mie resonance. Due to small filling fractions
and significant inhomogeneous broadening, negative perme-
ability was not observed, but values considerably lower than
1 are obtained. On the other hand, the numerical simulations
showed that negative permeability can be achieved with the
investigated microspheres for larger filling fractions.
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University of Bordeaux 1 was supported by the project “GIS
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