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ABSTRACT: A plasmonic analogue of electromagnetically induced transparency
is activated and tuned in the terahertz (THz) range in asymmetric metamaterials
fabricated from high critical temperature (T.) superconductor thin films. The
asymmetric design provides a near-field coupling between a superradiant and a
subradiant plasmonic mode, which has been widely tuned through super-
conductivity and monitored by Fourier transform infrared spectroscopy. The
sharp transparency window that appears in the extinction spectrum exhibits a
relative modulation up to 50% activated by temperature change. The interplay 120 80
between ohmic and radiative damping, which can be independently tuned and
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controlled, allows for engineering the electromagnetically induced transparency of
the metamaterial far beyond the current state-of-the-art, which relies on standard metals or low-T superconductors.
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lectromagnetically induced transparency (EIT) is a
quantum interference effect that permits light propagation
in an otherwise opaque medium. It was first observed in a
three-state lead-vapor system where the opening of a narrow
transparency window in a broad absorption spectrum was
ascribed to destructive interference between two possible
excitation pathways in the system.' The dramatic effects of EIT
on the dispersive properties of the medium may allow for
photon slowdown or storage and optical data buffering.”™* A
plasmonic analogue of EIT has been recently demonstrated in
planar fishnet metamaterials, coquled resonators, and wave-
guides® " from the millimeter'*™ to infrared'®"” up to the
visible range.'® In these examples of EIT plasmonic analogues a
bright superradiant mode with a quasi-continuum spectrum
provides the dipole-allowed transition in the corresponding
atomic picture, while a dark subradiant mode represents the
dipole-forbidden excitation (metastable state).'” In the specific
case of plasmonic EIT, the discrete dark mode has a plasmonic
nature; however, depending on the phenomen, it can also be
either a molecular vibration (as in surface-enhanced infrared
absorption spectroscopy>’), a diffraction order,”" or phonon
excitation.
Nevertheless, in the aforementioned works the EIT trans-
parency window is set by the geometrical parameters or
material properties, with no possibility for active control of the
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optical response. Some recent works have explored the options
for active control of EIT response through optical pulses,'”
superconductivity,”> *® and mechanic stress on compliant
substrates.”® However, in these works no insight was put into
the coupling regime of the specific plasmonic modes, which is
the key mechanism defining the EIT response. In fact, the
coupling regime between the plasmonic modes involved in the
interference mechanism rules the interplay between electro-
magnetically induced transparency and absorption (EIA).”
Within a coupled harmonic oscillators approach, ohmic and
radiative damping are key mechanisms controlling the EIT/EIA
regime (as extensively discussed in ref 29); therefore a
comprehensive investigation of EIT tunability in plasmonic
nanostructures cannot disregard damping mechanisms.

In this work we present a proof-of-concept platform offering
both EIT tuning and independent control over ohmic and
radiative losses. In the terahertz (THz) range superconductivity
is a unique tool for such a purpose, since it allows for
continuously tuning the optical properties and ohmic damping
of the plasmonic medium through an external input such as an
electric or magnetic field, current, or temperature. In the THz
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range, the superconducting transition driven by these external
inputs affects the electrodynamic properties of superconductors
in a range of about 4—6 A (with A the superconducting energy
gap), matching the entire THz spectral region.” In this spectral
range ohmic losses are (in principle) absent, and the gap opens
within a few degrees below the critical temperature T, thus
providing a fine control over the plasmonic response by
superconductivity.14’26’27’30’31 In this framework, high critical
temperature cuprate superconductors (HTCS) are of particular
interest for two reasons: (i) they exhibit a T, up to 140 K,
hence well above liquid nitrogen temperature (77 K), which
makes them very convenient for technological applications; (ii)
although losses never reach zero due to nodal points of the gap
in the momentum space (due to the d-wave symmetry of the
gap function) HTCS provide a much broader frequency (w)
range of tunability, extending beyond 10 THz compared to
conventional Bardeen—Cooper—Schrieffer (BCS) supercon-
ductors.>>*?

The exceptional potential of superconductivity finds a
limitation in THz plasmonics due to the fact that ohmic losses
reduction at these frequencies is not as effective as at optical
frequencies. Indeed, the high absolute value of the real part of
electrical permittivity of metals at these frequencies makes them
almost perfect conductors. Consequently, the role of other
damping mechanisms, such as radiative ones, becomes of
crucial importance. In this work we have implemented
plasmonic devices in which we engineer radiative losses
through near-field interaction between a bright and a dark
plasmonic mode. The ohmic damping is continuously tuned
through superconductivity, resulting in a modulation of the
electromagnetic transparency. The temperature-controlled
relative modulation of the extinction coeflicient across the
superconducting transition reaches 50% of the off-state value,
corresponding to a dark mode resonance with a quality factor
of about 13.

B RESULTS AND DISCUSSION

The proposed EIT device is based on an asymmetric plasmonic
structure'® made of high temperature superconductor
YBa,Cu;0,_s (YBCO, T. = 83 K). Nanofabrication was
performed using electron beam lithography (EBL) on
commercial 200 nm thick YBCO films (THEVA, Germany)
grown on a 500 pm thick sapphire substrate. Wet etching in
0.075% nitric acid for 1 min allowed for selective YBCO
removal. The plasmonic rectangular array had a pitch of p, = 40
pm and p, = 48 um, along x and y, respectively. Each resonator
element of the array is constituted by a pair of rods of length D
=28 ym and width W = S ym (see inset of Figure 1c). The unit
cell can support a bright and a dark excitation for an electric
field polarized parallel to the y axis (see insets in Figure 1b and
c). The bright mode has a dipolar nature and can directly
couple to normal incident radiation when the radiation electric
field is polarized along the rod length, while the dark mode
cannot be excited in the same condition due to its symmetry
(quadrupolar) bearing no net electric dipole. When the x-axis
symmetry is broken by the addition of a horizontal arm, a near-
field interaction between bright and dark mode is activated.
The interaction strength is controlled by the horizontal arm
length S, which measures the asymmetry of the structure. By
geometric tuning through S, different coupling regimes have
been engineered varying the coupling strength from zero to
maximum allowed by design (see Figure 1). The three samples
have been denoted as S, (S = 0 um), S¢ (S = 6.5 um), and S,
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Figure 1. Experimental extinction coefficient (red curves) and fit
(black circles) for the S, (a), Sg (b), and S; (c) samples at T = 6 K.
The geometrical parameters, as reported in the schematic drawing in
panel ¢, are D = 28 ym, W = § pm, p,. = 40 um, and p, = 48 pm. In the
insets in panel a—c: FDTD simulations profile for the x component of
the electric field in correspondence with the EIT window at @ = 1.8
THz. In the insets on the left the optical images of the fabricated
samples are reported.

(S = 13.5 um). Finite difference time domain (FDTD)
electromagnetic simulations have been performed using the
software CST Microwave Studio Suite in order to calculate the
scattering parameters and the electric field profiles of the
plasmonic excitations supported by the structure. The geo-
metrical parameters of the patterns are set to make the resonant
features lie in the 1—3 THz range, ie., inside the frequency
range where we expect a strong modulation of YBCO optical
properties at the onset of the superconducting state.

Fourier transform infrared (FT-IR) spectroscopy trans-
mission measurements have been performed with a Bruker
Michelson interferometer coupled to a closed-cycle cryogener-
ator and a 4.2 K silicon bolometer. The transmittance of the
array (T(w)) was measured at normal incidence in the range
0.3—10 THz by the use of THz radiation collected from the
AILES beamline at the synchrotron Soleil® and in a
temperature range T = 6—300 K using a bare sapphire
substrate as reference. Notice that the extension to the THz
range is greatly eased by the use of edge radiation.** A wire-grid
polarizer was used to select the radiation component parallel to
the long arm rod (see Figure 1b). The experimental extinction
coefficient has been calculated from transmittance data as E(w)
= 1 — T(w). This quantity accounts for the radiation that has
not been transmitted by the system due to absorption,
reflection and scattering phenomena.'”*"* The extinction
coefficient for the three samples at T = 6 K is reported in Figure
1. The S, sample in panel a exhibits a broad absorption band
centered around 2 THz typical of a dipole antenna response.*
As the x-axis symmetry of the dipolar structure is broken by the
addition of the horizontal arm in samples S¢ and S;; a
transparency window (i.e,, E(w) ~ 0) opens at 1.8 THz close
to the peak absorption of the dipolar band (panels b and c).
This window becomes narrower and deeper as S-length
increases, with a relative modulation of E(w) of more than
70% for sample S,; (panel c) with respect to S,. Note that an
additional peak appears around 3.7 THz when the symmetry of
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the unit cell is broken: this mode has a quadrupolar symmetry
and is associated with the second-order plasmonic excitation of
the single rod antenna.**

Comparing with the FDTD simulations of the in-plane field
pattern at 1.8 THz, reported in the insets of Figure 1, the
transparency window can clearly be attributed to the field
components with quadrupolar symmetry appearing close to the
horizontal arm.

In order to highlight the role of superconductivity in the
induced-transparency phenomenon, the optical response of the
three samples was measured as a function of temperature T. In
Figure 2 the extinction coeflicient is reported for selected T, in
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Extinction

2 3 4
Frequency (THz)

Figure 2. Extinction coefficient for selected temperatures between T =
6 K and T = 120 K for the S (a), S¢ (b), and S5 (c) samples for an
electric field polarized along the rod antennas (y axis of 1). The data
for the lowest and highest temperature are described by solid lines,
while intermediate temperatures are reported as different dashed lines.
In the inset: Resonance frequency of the bright mode w,, as a function
of temperature. The values of @, have been extracted from the
experimental data renormalized by the interference pattern o,(®)
obtained by the fit procedure in order to eliminate the (weak)
frequency shift given by interaction with the dark mode (see text).
Vertical dashed line in the inset denotes the critical temperature T, of
YBCO (83 K).

the range 6—120 K. We start by describing the effect of the
superconducting transition on the THz extinction spectra of
the S, sample where only the bright mode is present. As seen in
Figure 2a, as T is lowered, a narrowing of the dipole absorption
band associated with the bright mode is observed below T, and
no transparency is induced. This line shape narrowing is related
to a decrease of the imaginary part of the dielectric function
(i.e,, of the ohmic losses) of YBCO as the film undergoes the
superconducting transition.””** The resonance frequency of the
bright mode, @, (which has been determined through a
Lorentzian fit; see below), exhibits a nonmonotonic depend-
ence on temperature, with a maximum red-shift (about 3%)
corresponding to T & 75 K (see the inset in Figure 2a). In
particular, the softening of @y, is caused by the divergence of the
kinetic inductance, L;, of the superconducting Cooper pairs,
which start to form when T approaches T. from above.”® The T
value of maximum softening does not correspond to T,
because it results from the combined effect of increasing
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superconducting carrier density and decreasing L, as T is
lowered further below T. This observation was already
reported in ref 23 for YBCO split ring resonators (SRR),
where, in a first approximation, one has wy, = 1/ \/ (L + Lg) C,
where L, and C are the geometric inductance and capacitance,
respectively. In the present case, the softening of the resonance
due to the singularity at T is much weaker than in SSR due to
the smaller absolute value of L with respect to L,. Therefore,
for a quantitive analysis of the induced transparency, we will
consider in the following w, to be T-independent.

We now turn to the transparency regime by considering
sample S¢ in Figure 2b. It can be observed that the transparency
window is strongly affected by temperature changes. It is very
narrow for T = 6 K, but it becomes broader for increasing T
until it is almost suppressed above T.. The available modulation
range is about 30% when changing T from 6 to 77 K. This value
is reduced to 15% for an increase of T above liquid nitrogen
temperature (77 to 100 K). The performance of the S;; sample
shown in Figure 2c has more potential for future applications.
First of all, unlike the previous sample, the transparency
modulation is already observed in the normal state, indicating
that superconductivity is not a precondition for observing it.
Moreover, the relative modulation of the extinction coefficient
increased to 50% as T is varied from 6 to 77 K and to 30% from
77 to 100 K.

The key mechanism for this wide range of tunability relies on
YBCO’s peculiar properties. The normal state dc conductivity
of YBCO films at 100 K is ~10* Q' cm™". At the onset of the
superconducting state, it experiences an increase of the optical
conductivity by more than a factor of 10 at 1.8 THz’**
Furthermore, this behavior is observed in a wide frequency
range extending well inside the THz range. Standard metals at
these frequencies exhibit an almost perfect conductor behavior;
therefore their ohmic damping can be weakly tuned through
temperature. Even superconducting compounds with high
values of optical conductivity (10°-10° Q™' cm™ at 1.8
THz)**~*" in the normal state prevent the full utilization of the
tunability opportunities offered by superconductivity. To
demonstrate that our YBCO-based plasmonic structure features
the highest tunability performances with respect to other high-
conductivity superconductors, we investigated the optical
behavior of identical nanostructures fabricated on MgB, BCS
superconducting films (T. = 39.4 K, detailed info on
nanofabrication in the SI) with 10° Q' cm™ dc conductivity
at 50 K*® As shown in Figure 3 the extinction coefficient for
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Figure 3. Extinction coefficient for YBCO (a, ¢) and MgB, (b, d)
samples without (S,) and with (S;;) EIT. The data for T = 6 K (black)
and T = 1.4S5T, (red) are reported. A remarkable modulation with
temperature for the EIT transparency window is observed in both
YBCO samples at ~1.8—2 THz, while almost no variation is
observable in the case of MgB,.
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MgB, samples exhibits almost no variation (Figure 3b, S,) or
extremely weak tunability (Figure 3d, S;3) upon varying the
temperature from T = 6 K up to 75 K (1.45T,). It is important
to mention that scaling the resonant response of the
nanostructure at lower frequencies, to move deeper inside the
superconducting gap of MgB, (A = 1.8 THz),?® would bring in
a stronger superconducting regime and consequently an
improved tunability of the plasmonic response. However, the
high conductivity of MgB, in the normal state puts an intrinsic
limit on the tunability range of the device with super-
conductivity; furthermore it would not be accessible for high-
frequency THz applications due to the relatively small
superconducting gap of MgB,.

The advantage provided by superconductivity for our YBCO
plasmonic devices can be better appreciated from a quantitative
analysis of the line shape parameters, which we performed
through a best-fit procedure. The plasmonic line shape results
from a Fano interference pattern where, in analogy with
quantum EIT, two excited states are involved in the radiation
absorption process. The first is a broad (superradiant) bright
mode, which plays the role of the excited state |b) for the
dipole-allowed transition. The second is a dark (subradiant)
quadrupole mode'® representing the metastable state |d).
Through symmetry breaking by the addition of the horizontal
arm of length S (see Figure 1b and c), the bright and dark
mode can couple in the near-field limit, resulting in a
destructive interference between the two possible absorption
pathways from the ground state [0): 10) — |b) and 10) — Ib) —
Id) — Ib).!

In this scenario, the extinction coefficient can be described as
the product of the extinction coefficient of the bright mode,
op(®), and the Fano envelope function, 6,(@), representing the
interference.*> One can assume a Lorentzian form for the bright
mode line shape:

Al'w

(a)bZ _ wZ)Z + szz

op(®) =
(1)
where A is the resonance intensity, @, is the real part of the
resonance frequency, and I its imaginary part, accounting for
both ohmic and radiative damping.** The Fano envelope
function o, can be written in the form*’

o — o} 2
((w+W)2—w2+q> +b
-

("2 2 2
((wa+wa)2 —wﬁ) +1 (2)

where ®, is the frequency of maximum constructive
interference, W, is an approximation of its spectral width
valid for W, < w,, q is the Fano asymmetry parameter, and b is
a damping parameter due to intrinsic losses of the dark
(quadrupolar) resonance. The total extinction coefficient, E(w)
= oy(w) 0,(w), is the measurable quantity to be compared with
the experimental data. An additional Lorentzian line shape
(assumed to be independent of T) has been added in the fit at
high frequency to account for the single rod antenna
quadrupolar excitation in the range 3—4 THz. In Figure 1
one sees that a good agreement is observed between the fitting
curves (black circles) and the experimental data (red curves).
The best-fit parameters of both the bright and dark resonances
as a function of temperature have been extracted. The
resonance parameters not explicitly written in the fitting
equations are described in the Supporting Information.

o(w) =
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In Figure 4a the damping I' of the bright mode is reported
for the three samples. For all samples, I" exhibits a reduction by

1.0 H

o S, YBCO R :

o S, YBCO 4 . 2820 H

< o !

SOB[4 % V30 8889 5 10F (o

an) 3] :

=) E |,

r—osgoﬁog © 5r pright 488
ARRAa 33 g%o
<

a L 1 0 c L E
o S, MgB2, L oo
f:;"

o
8§ 6080 B 71.0—000000
0.0 b L L 1.5 d 1
0.0 0.5 1.0 0.0 1.0
T/T¢ T/T;

Figure 4. (a) Bright (I") and (b) dark (y4) damping parameters for the
So (black), S¢ (blue), and S,; (red) YBCO and S, (light blue) and S,
(green) MgB2 samples vs T/T.. (c) Quality factors for the bright
(bottom) and dark (top) mode for samples exhibiting EIT. (d) Fano
asymmetry factor g for Sg and S;; modulated by temperature. The
values at the highest and lowest T are reported also for MgB2 samples
(showing no modulation with T). Dashed vertical line indicates critical
temperature where T/T, = 1 for each superconductor.

almost a factor of 2 when YBCO undergoes the super-
conducting transition, due to the reduction of ohmic losses.
When cooling at T < T, I" decreases from a value of about 0.8
THz to a residual damping of nearly 0.5 THz. This indicates
that ohmic losses in the superconducting state are negligible
(although not absent in YBCO at 1.8 THz), and we can
therefore ascribe the residual damping to radiative decay.

The dark mode damping, y,; reported in Figure 4b is
independent of the sample geometry. Therefore, the reduction
of the imaginary part of the THz dielectric function in the
superconducting phase results in a strong suppression of losses,
and y4 reaches a value of ~0.15 THz. This residual damping
may have a radiative nature due to the weak coupling of the
quadrupolar mode to incident radiation: this is allowed by the
slight symmetry breaking introduced by the horizontal arm S.'°

One can observe that while the dark mode is mainly affected
by ohmic loss, both ohmic dissipation and radiative interaction
enter in the bright-mode damping factor. Although the radiative
damping depends on the distance among resonators (i.e., the
amount of metallic materials in the unit cell), in our case the x,y
pitches are constant and the unique variation from Sj to S,; is
related to the horizontal arm S, which varies from 0 to 13.5 ym.
Thus, we can assume that the radiative damping is practically
independent of S and constant for all resonators.

The quality factors Q have been calculated for both the
bright (@,/I") and dark (w,/y;) modes and are reported in
Figure 4c. For the bright mode, Q varies in the range 1—4,
which are typical values encountered in the literature for planar
dipole antenna arrays at THz frequencies: ohmic losses
suppression in the superconducting phase is moderate and
does not provide a remarkable improvement in the device
performance. On the contrary, the dark mode Q is improved by
a factor of 3 when crossing the superconducting transition,
reaching a value at low T of 13. The Fano asymmetry
parameters are reported in Figure 4d and are found to be g =
—0.6 and q = —1.1 for the S4 and S;; sample, respectively, at T
< T.. A negative value is expected from the condition w, < "’
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and the absolute value close to 1 for the S;; sample indicates
that the maximum possible interaction strength has been
reached with this geometry. In order to quantitatively evaluate
the tuning advantages of YBCO EIT, we have also extracted the
resonance parameters for MgB, S;; and S, samples (reported in
green/light blue in Figure 4). It is straightforward to note that
both the damping mechanisms (and consequently EIT
modulation) are not affected by a temperature change of
more than 1 order of magnitude.

B CONCLUSION

In this paper we have presented a proof-of-concept experiment
for inducing and tuning a plasmonic analogue of electro-
magnetically induced transparency through superconductivity
in THz plasmonic devices. The electromagnetic transparency is
engineered in terms of a near-field interaction between a bright
and a dark mode within a unit cell with an increasing degree of
geometric asymmetry. The transparency window can be tuned
by modulating the superconducting state of a high-T. YBCO
superconductor through temperature. In this way, one achieves
a maximum relative tuning of about 50% of the transparency
window at 1.8 THz upon varying the temperature by a few
degrees across T, = 85 K, ie., above the liquid nitrogen
temperature. This tuning is determined by the combination of
ohmic damping suppression enabled by superconductivity and
radiative damping reduction of the dark (subradiant)
quadrupolar mode modulating the transparency window. The
resulting device quality factor reaches a value of 13, exceeding
the standard values in THz metamaterials by a factor of S.
These results are strongly promising for high quality factor
terahertz optical modulators based on high-T superconductors
where optical tunability could be further obtained through

electric, magnetic, and current external excitations.
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