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We demonstrate experimentally and theoretically dielectric metamaterials exhibiting a tunable range of
negative effective permeability in the terahertz spectral region 共0.2–0.36 THz兲. Our structures consist of an
array of intrinsically nonmagnetic rods made of an incipient ferroelectric SrTiO3 which shows a high tunable
permittivity. The magnetic response and its tuning are achieved by a temperature control of the permittivity of
SrTiO3, which defines the resonant confinement of the electromagnetic field within the rods.
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The concept of metamaterials enables the development of
structures exhibiting on-demand optical properties not found
in nature. In particular, metamaterials with simultaneously
negative dielectric permittivity and magnetic permeability1
offer possibilities of breaking previously established limits of
wave optics.2 While negative permittivity related to the
plasma resonance occurs in most metals in a broad spectral
range, negative permeability does not naturally occur beyond
the gigahertz frequencies.
Most terahertz and optical metamaterials reported so far
were based on miniaturizing the concept of structured composites with patterned metallic subwavelength inclusions3,4
first introduced at microwave frequencies.5 Indeed, several
metamaterial structures based on subwavelength metallic
patterns were prepared using photolithography or electronbeam lithography, and their resonant properties were demonstrated in the THz 共Refs. 3 and 6–8兲 and near infrared
ranges.4,9
The properties of metamaterials rely on strong electromagnetic resonances, and, consequently, their effective electromagnetic behavior and the aimed applications are restricted to narrow spectral intervals. Active spectral tuning of
the metamaterial resonance then appears as highly desirable
for broadband applications. This is very difficult to achieve
in the metallic-based structures since their properties are controlled mainly by the geometry;6 numerical simulations revealed that replacing metal by a narrow band semiconductor
in a split ring may lead to the tunability of the resonance in
the THz range.10 Recently, control by electric field6,11 or by
optical illumination7 of a metamaterial resonance strength
was achieved and optical switching between two metamaterial resonances at 0.85 and 1.05 THz was experimentally
demonstrated.8 In these works the investigated metamaterials
exhibited a purely electric response and the tuning and
switching of the resonance was achieved by a dynamical
modification of a split-ring capacitance or by its shortcircuiting.
In this Rapid Communication we report on a demonstration of a tunable metamaterial exhibiting a negative effective
permeability in the terahertz spectral range. Our samples
consist of a row of high permittivity rods made of SrTiO3
共STO兲 thin single crystal plate 关Fig. 1共a兲兴. STO is known to
exhibit a high dielectric tunability in the THz range while its
dielectric losses remain at an acceptable level 共the loss tan1098-0121/2009/79共24兲/241108共4兲

gent is about 0.025 at 0.25 THz兲.12 First, plane parallel wafers of STO were prepared by mechanical polishing with a
thickness of t = 52 m; the thickness of some samples was
reduced down to t = 22 m by a subsequent wet etching in
orthophosphoric acid 共H3PO4兲. A series of grooves with a
width d and period L 共structure A: d = 33 m, L = 75 m,
and t = 52 m; and structure B: d = 28 m, L = 96 m, and
t = 22 m兲 were drilled in the wafers by femtosecond laser
micromachining. The technological challenge was to fabricate a large area pattern in a very thin brittle material. The
grooves were directly etched by a Yb:KGW 1.03 m femtosecond laser at Alphanov technological center.13 The ultrafast regime offers an enhanced control in producing the
desired microstructures as the laser energy absorption occurs
on a time scale much faster than the heat transport and the
electron-phonon coupling. The resulting patterns covered areas up to 2.5⫻ 3 mm2.
The investigated metamaterials are obviously birefringent.
While their response is purely electrical for the electric field
polarized parallel to the rods 共p polarization兲, a series of Mie
resonances accompanied by an effective magnetic response
is expected for the s polarization 共E 储 x兲.14 The resonant behavior is closely connected to the high value of the permittivity in STO 共⬃300 at room temperature in the sub-THz
range兲. The wave front of an incident plane electromagnetic
wave undergoes a strong distortion close to the metamaterial
in order to satisfy simultaneously the continuity and discontinuity conditions of tangential and normal electric-field
components at the STO-air interfaces, respectively. The electric field, which develops inside an STO bar, is then predominantly tangential close to the surface of the bar. This leads to
the creation of displacive eddy currents within the bar cross
section 关as shown in Fig. 1共b兲兴, which enhance the magnetic
field in STO polarized along the bar. A resonant behavior is
then expected at specific frequencies.
The effective properties of the metamaterials can be tuned
over a broad spectral range owing to the dielectric tunability
of the STO crystal.15 Similar effects were observed recently
in a three-dimensional structure fabricated with millimetersized Ba0.5Sr0.5TiO3 ceramic cubes designed for the microwave spectral range.16,17 Resonant behavior and negative refractive index in the microwave range were also reported for
a structure consisting of Ba0.5Sr0.5TiO3 ceramic rods enclosed between two metallic sheets separated by a subwave-
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FIG. 1. 共Color兲 共a兲 Scanning electron microscopy image of an investigated sample 共structure B兲; polarization of the incident wave: E 储 x
and H 储 y. 共b兲 Spatial distribution of the electric field inside an STO rod at 0.264 THz. 共c兲 Spatial distribution of the resonant magnetic field
Hy in a single unit cell of the metamaterial illuminated by a plane monochromatic wave with unitary amplitude. Dotted rectangles indicate
the cross section of STO rods. Above the plots the frequencies of the incident waves and the maxima 兩Hmax兩 of the amplitude scale for each
case are indicated. Top panels: amplitude; bottom panels: phase. Data in 共b兲 and 共c兲 were calculated for structure A at room temperature.

length distance.18 In contrast to our work, Peng et al.18 employed radiation with electric-field vector polarized parallel
to the rods and the resonant behavior was essentially related
to a mutual interaction of individual resonators 共i.e., to a
higher-order dispersion branch兲 in the two-dimensional photonic crystal.19
We studied the electromagnetic behavior of the structures
using a multidimensional transfer matrix method.20 In these
calculations the structures were irradiated by a plane monochromatic wave with unitary magnetic field 共Hinc = 1兲. The
transmitted and reflected fields were obtained, and the spectra of effective permittivity eff and permeability eff were
retrieved from the transmission and reflection functions.21
Experimentally we characterized the metamaterial response using time-domain THz spectroscopy,22 which employs broadband ultrashort THz pulses for probing. The
transmittance spectra of self-standing metamaterials versus
temperature shown in Fig. 2 were measured in a usual experimental setup for this technique.22 Here 250-ps-long timedomain scans were acquired, resulting in 4 GHz frequency
resolution. The transmittance amplitude exhibits a pronounced temperature-dependent dip corresponding to the

lowest Mie resonance. At room temperature structures A and
B exhibit the dips at 0.265 and 0.360 THz, respectively.
The frequencies of the Mie resonances depend essentially
on the optical thickness of the rods in the THz range, i.e., on
their permittivity and physical dimensions. Since the permittivity of STO increases considerably upon cooling due to
softening of the ferroelectric soft mode 共 ⬇ 1250 at 100
K兲,15 the resonant frequency of the STO-based metamaterial
redshifts upon cooling. This is demonstrated in Fig. 2 where
the dip in transmittance shifts from 0.29 THz at 324 K down
to 0.20 THz at 180 K for structure A and from 0.36 THz at
300 K down to 0.20 THz at 120 K for structure B. Wellestablished literature values of the temperature dependence
of the STO soft mode15 were used in the simulations. As
observed in Fig. 2 the positions of the first Mie resonance
obtained experimentally and in the simulations display very
good agreement at all temperatures studied and for both
structures investigated.
Direct experimental verification of the magnetic nature of
the resonance was performed at room temperature. Simultaneous determination of complex permeability and permittivity in the far-infrared region is not a routine task. In prin-
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FIG. 2. 共Color兲 Transmittance spectra 共amplitude and phase兲 of the metamaterials for a few
representative temperatures 共left panel: structure
A; right panel: structure B兲. Points: measurements; lines: calculations using transfer matrix
method. Insets: real part of the permeability retrieved from the simulations.
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FIG. 3. 共Color online兲 Effective complex magnetic permeability
of sample A; symbols: experiment, solid lines: simulations. Arrows
indicate frequencies shown in Fig. 1共c兲.

ciple, these quantities can be determined from complex
reflectance and transmittance spectra.21 While the complex
transmittance spectrum can be easily measured in the THz
range, the determination of the reflectance phase with a high
precision, so as to allow a subsequent unambiguous determination of optical properties, is a challenging task requiring
specific experimental approaches 共see Ref. 23 and references
therein兲. Alternatively, the complex permeability and permittivity can be retrieved from spectra of time-separated pulses
corresponding to internal reflections in the sample24 provided
that the sample is sufficiently thick to enable this approach.
In order to take advantage of this possibility we put the investigated metamaterial into optical contact with a 2-mmthick high-resistivity silicon wafer that was polished to
achieve an excellent plane parallelism of input and output
faces 共⬍1 m兲. The THz wave transmitted through this
structure consists of a series of pulses 共separated in time by
about 45 ps兲 originating from internal reflections in the silicon wafer. The time-windowing approach allows us to analyze their spectra one by one25 and to retrieve the complex
permeability and permittivity21,24 from the complex transmittance and reflectance of the metamaterial encoded in these
signals.
At room temperature, the magnetic permeability is experimentally found to be negative between 0.26 and 0.30 THz
for structure A and its dispersion agrees well with the Lorentzian shape found in the simulations 共Fig. 3兲. The experimentally observed broadening of this resonance 共⌬f exp
⬇ 23 GHz兲 is essentially due to the time-windowing procedure used for the retrieval of permittivity and permeability.26
The intrinsic resonance width found in the simulations is
⌬f sim = 7 GHz, and it is determined merely by the dielectric
losses in STO. The effective permittivity of the metamaterial
shows only weak resonances; in particular it varies between
2.4 and 3.2 below 0.35 THz. This value is very low as compared to the permittivity of the STO single crystal, and the
difference is related to the fact that STO rods and air gaps act
as capacitors in series for the long-wavelength s-polarized
radiation.27
An analysis of the spatial distribution of the magnetic
field intensity allows a deeper insight into the physics of the
problem. The calculated distributions of Hy inside the unit
cell 关see Fig. 1共c兲兴 were analyzed within the frame of Pend-

ry’s field averaging procedure.28 Following this procedure,
the average magnetic field intensity Have inside the metamaterial is equal to the Hy value at the corner of the unit cell
outside the STO rods28 while the magnetic induction Bave is
calculated as an average over the surface delimited by a contour loop of the unit cell. The proportionality constant between these two averaged quantities then provides an estimate of the effective permeability: eff = Bave / Have.
In Fig. 1共c兲 each of the plots represents the unit cell of
structure A; Have reaches values comparable to ⬃1 over the
whole spectrum studied. At low frequencies well below the
Mie resonances 共i.e., at f ⱕ 0.1 THz兲 the standard effective
medium approximation is valid and the effective magnetic
permeability is very close to unity 共cf. appropriate frequencies in Fig. 3兲. A nearly spatially uniform magnetic field in
phase with the incident wave corresponds to this case, and its
maximum amplitude 共Hy,max = 1.1兲 exceeds that of the incident wave at 0.1 THz only by 10%. For the first Mie resonance 共f = 0.264 THz兲 the field is localized in the rods and
the peak enhancement is nearly tenfold; the phase shift of
⬃90° between the internal and incident magnetic field also
illustrates the resonant behavior. The average magnetic induction, which determines the effective magnetic permeability, thus coincides very well with the strong imaginary part
of eff observed at f = 0.264 THz 共Fig. 3兲. Slightly above the
resonant frequency 共f = 0.286 THz兲 the field amplitude remains high while the phase approaches 180° leading to a
negative value of eff. The antisymmetric profile of Hy associated with the second Mie resonance 共f = 0.381 THz兲 leads
to a weak average magnetic induction despite its relatively
strong enhancement 共Hy,max = 5.3兲. In turn, there is no visible
magnetic resonance around f = 0.381 THz in Fig. 3. Similarly, the essentially symmetric character of the field profile
at the third resonance 共0.53 THz兲 leads to a pronounced magnetic response in agreement with the measurements.
The simulations show that further lowering of the temperature would shift the resonance down to 0.13 THz at 100
K and that the STO losses remain sufficiently low to retain a
negative magnetic permeability. The magnetic permeability
air
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FIG. 4. 共Color online兲 Dispersion curves 共left panel兲 and amplitude transmission functions 共right panel兲 of the investigated STO
metamaterials calculated by the transfer matrix method. Inset: unit
cell 共L = 75 m, t = 52 m, and w = 42 m兲. Investigated structures: 共a兲 sample composed of 16 unit cells along z-axis 共solid line兲;
共b兲 single unit cell along z-axis including 23-m-thick air spacer
共symbols兲; 共c兲 single period along z-axis without the air spacer corresponding to the evaluations shown in Fig. 3 共dashed line兲.

241108-3

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 79, 241108共R兲 共2009兲

NĚMEC et al.

retrieved from the simulated transmittance and reflectance
spectra exhibits very similar behavior for all investigated
temperatures, and in particular it shows a range of negative
values 共as seen in the inset of Fig. 2兲. With decreasing temperature a continuous redshift of the interval where the negative permeability occurs is observed. These findings let us
infer that a negative effective permeability can be achieved
with our structures in the spectral range of 0.13–0.45 THz. It
should be emphasized that, in principle, the THz permittivity
of STO can be also controlled by a bias electric field.29 This
would open an interesting perspective of electric-field tuning
of the magnetic metamaterial response.
The simulations also indicate that the observed resonances are determined by the geometry of the individual rods
and not by the coupling between them. In this sense our
structure can be considered as a thin-film metamaterial with
well-defined effective permeability and permittivity, but it
can be in principle extended to a bulk metamaterial by forming, e.g., a square lattice of the rods. This is demonstrated in
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Fig. 4: it is obvious that the dispersion curves are semiquantitatively the same for a “bulk” metamaterial composed of 16
layers and a “thin-film” metamaterial composed of a single
layer. In addition, both eff and eff are found to exhibit very
similar spectra in the bulk and thin-film structures.
In conclusion, we have presented THz metamaterials
showing a tunable spectral interval where the magnetic permeability reaches negative values. These values were established both theoretically and experimentally. The demonstrated principle represents a step forward toward a
metamaterial with negative refractive index capable of covering continuously a broad range of THz frequencies and
opens a path for the active manipulation of millimeter and
submillimeter beams.
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