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We propose a model of tunable THz metamaterials. The
main advantage is the blueshift of resonance and phase tun-
ability due to inductive coupling in planar metallic
metamolecules with incorporated silicon wires. We discuss
the role of losses and toroidal dipole contribution to
metamaterial response.  © 2017 Optical Society of America
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Metamaterials are artificial structures with properties unattain-
able in natural media. Their exotic response is a promising plat-
form for filling the THz frequency gap [1-3]. A separate class of
metamaterials is the one with the toroidal response [4—16]. The
toroidal observation is mediated by the excitation of currents
flowing in inclusions of toroidal metamolecules and resembles the
poloidal currents along the meridians of a gedanken torus [4,5].
Such closed fields configuration determines the high Q-factor of
toroidal metamaterials [14—18]. Meanwhile, the destructive inter-
ference between the toroidal and electric dipole moments leads to
alack in the far-fields, but the fields in the metamolecule origin are
described by d-function [6,7]. Such fields configuration, referred
to as anapole, allows for observation of the new effect of electro-
magnetically induced transparency (EIT) [6,7], which provides an
extremely high Q-factor in metamaterials [8], enables cloaking for
nanoparticles [9,10], and is a platform for confirmation of the
dynamic Aharonov—Bohm effect [6,7].

Recently, the anapole excitation was demonstrated in planar
metamaterials, which enabled an extremely high Q-factor in
microwave [8]. This gives promising opportunities for tunable
metamaterials due to the strong electromagnetic fields localiza-
tion within metamolecules. In this Letter, we consider the
design of a metamaterial, discussed in [8], in the tunable re-
gime. For this purpose, we incorporate the photoconductive
silicon into the metamolecule [Fig. 1(a)] and study the meta-
material response in the THz regime. The silicon is simulated
with the pump-power-dependent conductivity o, which
means transition from dielectric to metallic state.

Metamolecules comprise two split parts [Fig. 1(a)]. The
incident plane electromagnetic wave with electric field E
aligned with the central wire excites conductive currents in each
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loop of the metamolecule. The currents form a closed vortex of
magnetic field H. As a result, such configuration of electromag-
netic fields supports the toroidal dipole excitation, oscillating
upward and downward within the metamolecule. However,
the electric dipole also arises in the metamolecule and maintains
the interference between electric and toroidal dipole moments.
For the first time, we consider here how the planar toroidal
metamolecule can be exploited as a building block for THz
modulators. We demonstrate the blueshift and the phase tun-
ability regime and also discuss the role of losses.

The metamaterials with incorporated silicon or gallium
arsenide inclusions were discussed in detail as elements of mod-
ulators. The phase tunability, blueshift, redshift, as well as am-
plitude switching, have been shown in THz frequency range
[18-27]. Although the semiconductor inclusions play the role
of capacitor elements or as the tunable metamaterial substrate,
our advantage is related to inductive tunability achieved by
changing of the silicon conductivity. This configuration intro-
duces additional inductance in the metamolecule, and, because
of increasing of silicon conductivity, we expect blueshift of
resonance frequency by currents flowing along silicon strips
[Fig. 1(c)] instead of those along external metallic parts of
the metamolecule [Fig. 1(b)]. Such incorporation of silicon
decreases the electric dimensions of metamolecules.

The electromagnetic properties of metamaterial are com-
puted by commercial Maxwell’s equation solver HESS. We
suppose that all metamolecules are periodically arranged in

(@) (b) dielectric state of Si (c) metallic state of Si
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Fig. 1. (a) Ilustration of the proposed metamolecule, supporting
the toroidal and electric dipolar excitation with incorporated silicon
strips. The diameter of the metamolecule is 30 pm, with central gap equal
to 2 pm and the lateral gaps 5 pm. The silicon strips have the 1.4 pm gaps.
(b) Conductive currents on the frequency 4.56 THz and for period
D = 37 pm. (c) Conductive currents on the frequency 5.39 THz.
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x and y directions with D = 37 pm center-to-center sep-
aration. We study gold metamolecules with conductivity
Ogold = 7 % 10° S/m. During our simulation, we consider a
single unit cell [Fig. 1(a)], with electromagnetic incident wave
in z-direction and periodic boundary conditions. For the tun-
able silicon area, we set permittivity of silicon &g = 11.9
and conductivity og; varying from 107" S/m to 10° S/m.
Figure 2(a) shows the simulated transmission spectra for differ-
ent conductivities of silicon. For small conductivities, silicon is
purely dielectric. Without pump beam, the transmission mini-
mum is characterized by resonance dip in vicinity of 4.84 THz.
With increasing conductivity, the resonance is initially un-
changed (65; < 10° S/m) [Fig. 3(b)]. Since o5; = 10> S/m,
we observe blueshift accompanied by increasing transmission
intensity and attainable 5.25 THz on the 10°> S/m. Finally,
for the metallic state of silicon 6g; = 10° S/m, the transmis-
sion resonance achieves the maximum shift of 5.39 THz
[Figs. 2(a) and 3(b)], while the phase perturbation during og;
variations is negligibly small [Fig. 2(b)]. We note that such
blueshift appears because of the contribution of silicon inclu-
sions in overall distribution of currents. At low conductivities
(65; < 10° S/m), the currents flow along metallic parts of meta-
molecules [Fig. 1(b)], but with the transition to the metallic
state (o; > 107 S/m), currents flowing along the silicon inclu-
sions are dominating [Fig. 1(c)]. This corresponds to the decrease
in electric size of the metamolecule and to the blueshift of res-
onance frequency from 4.84 THz to 5.39 THz (Fig. 2).

To evaluate the role of multipoles in resonance formation,
we consider the power of the five strongest multipoles calculated
from conductive and displacement currents extracted from the
simulations [Fig. 3(a)]. For calculation of multipoles powers, we
use the approach established in Ref. [16]. We plot normalized
power radiated by electric P, magnetic M, toroidal T, electric
quadropole Qe, and magnetic quadropole Qm moments,
corresponding to transmission dips depicted in Fig. 2(a) and

@

Transmission

4.0 45 5.0 5.5 6.0
Frequency, THz

(b)

[ O S/m
w1 0e-1
[==10el
—10e2
-1 p=———10e3 4
o Sed
o [——10e4
—10e5
o 10e6

o, rad
[=)

-3 n n
4.5 5.0 5.5 6.0
Frequency, THz

Fig. 2. Simulated transmission spectra for different conductivities
of silicon for the period of metamolecules D = 37 pum (a) intensities

and (b) phases.
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dependent on silicon conductivities og;. For low pump illumina-
tion, the silicon is purely dielectric, and resonance is mainly de-
fined by electric and toroidal multipoles. However, with the
increase of og;, the decomposition between moments occurs, and
the electric moment will dominate more strongly. Intensities of
other multipoles are less than 100 times as compared with electric
and toroidal moments. Moreover, a significant difference between
the electric and toroidal dipoles explains low Q-factor at fre-
quencies ~5.39 THz and o > 10* S/m compared with the
higher Q-factor dip on the frequencies ~4.84 THz and
6g < 10* S/m, for which the electric and toroidal dipoles have
intensities very close to each other. Thus, we observe the blue-
shifted Fano-type resonance, which is varied by transition of sil-
icon conductivity from dielectric to metallic state. We can expect
that higher tunability may be achieved by optimization of our
structure. For example, the elliptical shape of the metamolecule
elongated along the x-axis instead of a circular one allows for the
increase in the metamolecule size. Thus, the resonance moves (for
o = 0 S/m) to lower frequencies, which will increase blueshift
capability. In addition to the inductive coupling, we may supple-
ment the capacitive one: expanding the gaps of silicon wires,
which gives us an extra degree of freedom for manipulations.
Interestingly, the proposed metamaterial can exhibit the
phase tunability. For this purpose, we assume the distance
between metamolecules centers to be D = 30 pm. At low
conductivities of silicon o5;, pronounced peak is significantly
reduced to 0.5 [Fig. 4(a)]. With growth of conductivity og;
one cannot be distinguished from the overall transmission
curve close to the 6.5 THz. Thus, it is impossible that the am-
plitude tunability is caused by resonance. However, we can make
an assumption here. Dissipative losses in the metamolecules
influence the transmission amplitude, whereas large phase tun-
ability is observed in order to transition from the dielectric state
of silicon to the metallic state (see the summary later in this
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Fig. 3. (a) Contributions of the five strongest multipolar excitations
to the electromagnetic response from metamaterial sample in log scale
for the case of period D = 37 pm and (b) the transmission and
resonance frequency dependent on silicon conductivity os;.
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Fig. 4. Simulated transmission spectra for different conductivities
of silicon for the period of metamolecules D = 30 pm (a) intensities

and (b) phases.

Letter). We achieve tunability ~2 rad, which is the benefit of
proposed metamaterial as a platform for THz phase modulators
(Fig. 5). Indeed, the variation of silicon conductivity og; from
1 S/m to 10° S/m significantly changes the phase from -2 to
0 rad, associated with nondisturbing intensity in broad fre-
quency range from 6.5 to 7.2 THz [Figs. 4(a) and 4(b)].
Moreover, in Fig. 5, we generalize the tunability characteristics.
We show the contribution of conductivity og; on the transmis-
sion phase and amplitude at 6.6 THz. For low conductivities
(<10° S/m), the phase shift is almost a constant. The signifi-
cant phase shift occurs for og; > 10° S/m, which is linearly
enhanced up to 10° S/m, whereas the transmission amplitude
is constant and very low during the og; variation.

However, the phase modulation effect can be exploited in
the reflection regime, similar to the phase tunable mirror
[28]. In this case, the reflection will be very high (R =1 - 7).
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Fig. 5. Amplitude and phase tunability dependent on silicon conduc-
tivity og; on the 6.5 THz for metamaterial with the period D = 30 pm.
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Importantly, we also discuss the role of multipoles in form-
ing the phase tunability. Indeed, the contributions of all multi-
poles are the same for varied conductivities og;, the electric
dipole moment dominates, and toroidal intensities are very
high in comparison with other multipoles at the frequency
of 6.6 THz [Fig. 6(a)] during the og;, evaluation. Moreover,
the phase behavior [Fig. 6(b)] of toroidal and electric dipoles
reminds one of the graph in Fig. 5. Therefore, the main origin
of the phase tunability is the phase manner of multipoles in-
stead of their amplitude. Thus, the achieved phase tunability is
very high, ~2 rad. We expect that our metamaterial would op-
erate with low pump intensity without high power sources
because we need to act only on small silicon wires.

As the summary, we discuss the role of losses in proposed
metamaterials. The actual losses of metals in the THz frequency
range can be crucial for discussed effects. Although metals in
the microwave range can be considered as perfect electric con-
ductor (PEC), the real conductivities in the THz region limit
the Q-factor and destroy the high-Q resonances. We represent
in Fig. 7 the amplitude and phase tunability for the proposed
metamaterial with D = 30 pm. We plot the graph for varied
conductivity of metamolecules material 0., where A4 =
|Adielcctric - Ametallicl and A¢ = |¢dielectric - ¢merallic| are inten-
sities and phases characterizing the tunability or the difference
between metallic and dielectric state of silicon. Decrease of 6,
reduces the resonance intensity, while the phase tunability is
evident. It implies that the dissipative losses destructively affect
the transmission amplitude, while phase tunability is crucial for
real conductivities of metals in THz regime (6, < 108 S/m),
and amplitude tunability is lacking in this case. This explains
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Fig. 6. (a) Contributions of the five strongest multipolar excitations
to the electromagnetic response from metamaterial sample in log scale
for D = 30 pm. (b) The phases of the electric and the toroidal dipole

moments versus frequency.
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electromagnetic wave passed through a metamaterial sample depen-
dent on metamolecules conductivity 0y, for the period D = 30 pm.

why we observe significant phase tunability ~2 rad on Fig. 4(b)
without amplitude tunability [Figs. 4(a) and 5].

It is well known that the metamaterial response is limited by
radiating and nonradiating losses. Q-factor of metamaterials is
described as Q = 1/Qq + 1/Qqn> where Q4 is radiating
losses and Q. is nonradiating or dissipative losses. While the
radiating losses in toroidal metamaterials are low, we are limited
mainly by Joule losses in ingredients, which can be compensated
by exploiting superconducting or dielectric inclusions. However,
this formula addresses that we have the background for playing
between Q.4 and Q.. Indeed, negligible mismatch between
multipoles leads to the decreasing of @4, but Q,,, has some
frame for manipulation of losses in order to enhance the Q-factor.
This fact explains why the transmission resonance for D =
37 pm [Fig. 2(a)] has higher Q than for D = 30 pm [Fig. 4(a)].
In this way, we enhanced the radiation losses and, as a result, the
interaction among electric, toroidal, and other multipoles.

Let us compare our idea with other papers about inductive
coupling. The first approach is concerned with the switching of
extra parts of hybrid split ring resonator (SRR) [21]. The multi-
layer UV lithography was applied for fabrication of the switch-
ing element by deposition of the semiconductor on the top of
the SRR gap [21] and as the “clongating” element for the meta-
molecules to increase their inductance [29,30]. The second ap-
proach is based on the graphene exploited as a metamaterial
substrate and also as a switching element in the inclusion itself,
leading to both phase modulation [28,31] and blueshift tuna-
bility [32]. Moreover, the phase modulation is organized by
dynamic photoexcitation of metamaterials substrate [22] or by
applying external voltage for control carrier density in a metal-
semiconductor zone [19]. However, our idea shows promise
primarily because of the possibility of phase modulation not
requiring the graphene or thick semiconductor substrates.

Recently, planar metamaterials with toroidal contribution have
attracted attention because of the high Q-factor. Nevertheless, the
nonradiative losses can be crucial in the THz regime. These meta-
materials are promising for tunability because of coupling effects
between multipoles. Here, we extend our previous design [8] as
metamaterials with inductive coupling. The role of losses, multi-
poles contribution, and inductive tunability was demonstrated. We
believe that our approach paves the way for future THz modulators
showing deep blueshift and phase tunability realized because of
the change of semiconductor conductivity.
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