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We show that sub-terahertz transmission of the superconducting metamaterial, an interlinked two-
dimensional network of subwavelength resonators connected by a continuous superconducting wire
loop, can be dynamically modulated by passing electrical current through it. We have identified the
main mechanisms of modulation that correspond to the suppression of the superconductivity in the
network by magnetic field and heat dissipation. Using the metamaterial fabricated from thin niobium
film, we were able to demonstrate the transmission modulation depth of up to 45% and bandwidth
of at least 100 kHz. The demonstrated approach may be implement with other superconducting
materials at frequencies below the superconducting gap in the THz- and sub-terahertz band.

PACS numbers: 42.70.-a, 41.20.Jb, 78.67.Pt, 74.78.-w
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Figure 1: Electro-optical modulator based on superconducting metamaterial. Main diagram: Sub-THz radiation is
modulated by passing current through a planar metamaterial array, fabricated lithographically from superconducting niobium.
Optical microscope (a) and interference microscope profile (b) images of the metamaterial’s unit cell. Bright parts on the
optical image and profile show patterned niobium film on sapphire substrate. Blue arrows indicate the path of the electric
current through the network of meta-molecules. Details of the meta-molecule are annotated on the microscope image (c).

The terahertz technology could have applications in
security, biomedical imaging, atmospheric sensing, astro-
physics, analytical chemistry, and communications but
its proliferation is hampered by a nearly complete ab-
sence of switching and modulation solutions. In this pa-
per we show how superconducting metamaterials can be
used to create agile radiation modulators in the THz/sub-
THz range helping to close the so-called ‘terahertz gap’.

Metamaterials are man-made arrays of sub-wavelength
electromagnetic resonators designed to achieve new and
improved electromagnetic functionalities. The main fo-

cus of metamaterial research today is in developing new
switchable and active media, predominantly through hy-
bridizing metamaterial arrays with other functional ma-
terials [1]. Compared to the conventional metamateri-
als made using metallic resonators [2], the metamateri-
als fabricated from superconductors posses unique advan-
tages that are linked to low Joule losses in the microwave
and terahertz spectral ranges [3–5]. However, the most
important advantages of the superconducting metamate-
rials are related to the nature of superconductivity. For
instance, the macroscopic quantum state of the supercon-
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ducting charge carriers makes superconducting metama-
terials extremely sensitive to many external stimuli allow-
ing quantum level nonlinearities with arrays containing
Josephson Junctions [6–12], and with metamaterials ex-
ploiting the recently introduced quantum flux exclusion
mechanism of nonlinearity [13]. Over the last decade
researchers have demonstrated that light [14], magnetic
field [15–17], and temperature [5, 16, 18–26], can con-
trol the electromagnetic properties of the superconduct-
ing metamaterials. Here we demonstrate the control of
electromagnetic properties of the metamaterial by run-
ning current through its metallic framework.

Our metamaterial electro-optical modulator is an array
of asymmetrically split-rings exhibiting a high-Q Fano
resonance that is highly sensitive to Joule losses [27, 28].
The metamaterial has been fabricated by optical litho-
graphic patterning of a 280 nm thick niobium film (crit-
ical transition temperature θc ≈ 9K) deposited onto a
sapphire substrate in shape of a thin disk of thickness
0.5mm and radius 15mm (see Fig. 1a,b; the metamate-
rial occupies area of radius 11mm).

The resonant electromagnetic response of the metama-
terial is shown on Fig. 2a for a range of substrate tem-
peratures. At temperature θ = 4K the metamaterial dis-
plays a narrow asymmetrically-shaped 50% transmission
peak (Q ∼ 130) that is centered at ν = 99.5GHz. Near
the transmission peak the sharp edge of the Fano line
rises from half maximum to full maximum within only
0.32GHz. When the temperature is increased towards
the superconductor-to-metal phase transition point (θc ≈

9K), the transmission peak broadens and its magnitude
drops rapidly. In the normal state, where Joule losses
in niobium are high [29, 30], the resonance is completely
suppressed and transmission level of the array does not
exceed 10%.

All the (asymmetric) split rings of our metamaterial
network are sequentially connected by a wire, as illus-
trated in Fig. 1a. This allows running the control cur-
rent simultaneously through the entire metamaterial ar-
ray. The control wire is perpendicular to the polarization
state of incident electromagnetic wave and does not af-
fect the Fano resonance, provided no current is running
through the control loop. The crossing point of the con-
trol wire with the split rings is chosen deliberately to
be at the anti-node of the oscillating currents driven by
the sub-THz radiation. This maximizes the influence of
the control current on the transmission of the metamate-
rial by changing the conductivity inside the meta-atoms
where it matters most.

The metamaterial has been housed in the optical
helium-cooled cryostat for wide temperature control.
The transmission and the transient dynamic response
have been measured in a free-space set-up in the range
75 − 110GHz using a microwave network analyzer (Ag-
ilent N5242A, Agilent, USA), mm-wave adaptors (OML
V10VNA2, OML Inc., USA) and horn, lens corrected an-
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Figure 2: Properties of the superconducting metama-
terial. (a) The transmission spectra below and above the
critical temperature of phase transition in niobium, θc ≈ 9K.
(b) Transient electrical current through the metamaterial (at
temperature θ = 4K) when control loop is driven by ramped
voltage pulses (as shown on the schematic in the inset).

tennas (Flann Microwave Ltd.), that focused radiation
into the cryostat.

Figure 2b shows the electrical current established in
metamaterial at substrate temperature θ = 4K, in re-
sponse to 50µs long ramped control voltage pulse (see
inset on Fig. 2b). Depending on the magnitude of the
current driven through the metamaterial, two distinct
regimes of operation can be identified. In what we will
call the sub-critical, low excitation regime, the current
grows linearly with voltage. This regime is observed for
currents up to the critical value of ∼ 500mA. Exceeding
the critical current leads to the increase of metamate-
rial resistance, resulting in a sharp drop in current de-
spite the rising voltage. We term this second regime as
super-critical. We studied the modulation of metama-
terial transmission in both regimes whilst keeping the
metamaterial temperature at θ = 4K.

In the sub-critical regime of operation the transmis-
sion modulation of the metamaterial was measured at the
Fano resonance (ν0 = 99.5GHz). Applied control cur-
rents were sinusoidal with amplitudes of up to 250mA
and frequencies ranging between 0.5 kHz and 100 kHz.
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Figure 3: Sub-critical regime of electro-optical control.
Main graph: Amplitude of the transmission change as a
function of frequency of the control signal. The horizontal
dashed line separates the fast and slow mechanisms of re-
sponse. The vertical dashed line marks the roll-off of the slow
modulation component at ∼ 4 kHz. Inset: Amplitude of the
transmission change as a function of the peak modulation cur-
rent for modulation frequencies of 1 kHz and 50 kHz.

The electrical response of the metamaterial was linear
and equivalent to the resistor R = 3.1Ω connected in
series with the inductor L = 3.2µH. Figure 3 shows
the amplitude of metamaterial’s transmission change at
the peak of Fano resonance. The plot reveals two mech-
anisms of transmission modulation in the sub-critical
regime: the slow mechanism with the roll-off at ∼ 4 kHz,
and a fast, frequency-independent mechanism.

The super-critical regime of modulation has also been
characterized at the peak of Fano resonance (ν0 =

99.5GHz). Applied control signal was in the form of
voltage ramps of duration from 10 to 1000µs and peak
voltage of up to 40V. The ramp repetition rate was
kept low (∼ 25Hz) to prevent the metamaterial from
overheating. Figure 4a illustrates the dynamics of the
transmission change for the case of a 200µs long ramp
pulse: the transmission decreases progressively with the
applied voltage dropping by 45% towards the end of the
ramp. The kinks in the transmission and voltage curves
mark the transition from the sub-critical regime to the
super-critical regime. Voltage ramps of the same mag-
nitude but different pulse durations produce peak trans-
mission changes growing from −10% for 10µs ramp du-
ration, to almost −50% for millisecond-long ramp pulses
(see Fig. 4b). The transmission suppression could also
be controlled with the amplitude of the ramp pulse, as
illustrated in the inset to Fig. 4b. The dependence of
the maximum transmission change on the voltage ramp
amplitude was fairly linear revealing the onset of satu-
ration at about 30 V. In all cases the relaxation of the
ramp-induced transmission change had an exponential-
like (thermal) dynamics with decay time shorter than
25µs.
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Figure 4: Super-critical regime of electro-optical con-
trol: high currents. (a) Dynamics of the metamaterial
transmission change (blue) corresponding to a 200µs long
control voltage ramp applied across the metamaterial (green).
The kinks in both curves at 26µs signify the onset of super-
critical regime. (b) Amplitude of the transmission change as
a function of the voltage ramp duration at 38 V peak value.
The inset shows the change of the transmission achieved with
a 500µs long control voltage ramps for different peak voltages.

We argue that the super-critical regime of modula-
tion involves a superconducting-to-normal phase transi-
tion triggered in the metamaterial by ramping up the cur-
rent. Indeed, switching from the sub-critical to the super-
critical regime takes place at about 500 mA, correspond-
ing to critical current density of 6 × 106 A/cm

2
for wire

cross section of 280 nm× 30µm. This agrees with the di-
rectly measured critical current density of 3× 106 A/cm

2

reported by Zhuravel et al. for niobium metamaterials
[31]. The transition to the normal state typically starts
at a small defect in the wire and rapidly spreads until it
reaches the final size, which is a function of the applied
bias voltage [32, 33]. The DC-resistance of niobium in the
normal state changes very little with temperature below
20K. Since the DC-resistance of the superconducting
niobium is zero, we can estimate the proportion of the
metamaterial in the normal state at any time by com-
paring its resistance with the normal-state value mea-
sured at temperature 10K. Even for the longest ramp
pulses (with peak amplitude of 38V) no more than 20%

percent of metamaterial went into normal state. Based
on numerical modeling of metamaterial’s transient ther-
mal response (see Supplementary Material), we conclude
that, during a super-critical ramp pulse, the mean tem-
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perature of sapphire substrate increased by less than 1K.
Such change can account for no more than 5% change in
metamaterial transmission (see Fig. 2a).

The transmission modulation in the super-critical
regime can be explained as follows. The experimen-
tally observed transmission modulation is a result of
the collective response of the entire metamaterial array.
Its high-Q resonance corresponds to the excitation of
anti-symmetric current modes in all the split-ring meta-
molecules [27], which trap the radiation in the plane of
the metamaterial array in the form of magneto-inductive
surface waves (trapped mode). Such waves were shown to
mediate interactions between the meta-molecules making
the metamaterial response very sensitive to any changes
in the array [34, 35]. Consequently, when only few meta-
molecules undergo the transition to the normal state,
the locally increased Joule losses draw energy from the
entire metamaterial array and therefore affect its trans-
mission by a far greater proportion than one would ex-
pect from purely geometrical considerations. After the
control pulse ends, the heat from niobium escapes into
the sapphire substrate through the contact thermal re-
sistance (Rb) formed between the two materials. As a
result the transmission of the metamaterial is restored
to the original value. The observed transmission relax-
ation time of 25µs (see Fig. 4a) allows us to estimate
Rb = 2 × 10−3 K.m2/W (see the Supplementary Mate-
rial). It is significantly larger than some of the values re-
ported for other low-Tc superconductors on sapphire sub-
strates [36], indicating possible improvements for the fu-
ture implementations. Assuming that heat can be with-
drawn sufficiently fast from the sapphire substrate and
ignoring the time it takes to induce a superconducting-
to-normal phase change (this process can occur at sub-
nanosecond rates [37–39]), the 25µs cooling time sets the
maximum possible modulation bandwidth in the super-
critical regime at 40 kHz.

Next, we consider the transmission modulation in the
sub-critical regime. Here, the whole of the metamaterial
is in the superconducting state and therefore exhibits no
Ohmic losses. However, the wires feeding the control sig-
nal into the metamaterial have non-zero resistance and
therefore heat up when current flows through them. We
can estimate the time it takes for the heat generated in
the contact pads to diffuse from the edge of the meta-
material to its centre. Given the distance from contact
pads to metamaterial centre r = 11mm, and assuming
thermal diffusivity of sapphire κ = 0.12m2/s [40], the
diffusion time is τd = r2/4κ = 250µs. In the case of
continuously oscillating control signal, τd corresponds to
4 kHz, which agrees well with the roll-off of the slow sub-
critical modulation mechanism (see Fig. 3). We therefore
conclude that the slow component of transmission mod-
ulation in the sub-critical regime is due to heating of
the metamaterial by the power dissipated in the contact
pads.

We argue that the fast sub-critical transmission mod-
ulation mechanism (see Fig. 3) is due to suppression of
superconductivity by the magnetic field generated in the
niobium by the control current. In case of weak magnetic
field the change in niobium sub-THz conductivity will be
proportional to the magnitude of the applied field and
therefore to the amplitude of the control current. We
can assume that the metamaterial transmission modu-
lation will be proportional to small changes in niobium
conductivity. Consequently, in the absence of heating
(i.e. at modulation frequencies above 10 kHz) the trans-
mission modulation of metamaterial will be proportional
to the amplitude of the control current. By contrast,
at low modulation frequencies where the heating mech-
anism prevails, the relation between transmission mod-
ulation and control current amplitude should become at
least quadratic as dictated by Joule’s law. This is exactly
what we observed in the experiments (see inset to Fig. 3).
Using the literature data for high-frequency conductivity
of niobium [30], and its response to applied magnetic field
[41], we estimate (see the Supplementary Material) the
sub-critical transmission modulation, due to fast modu-
lation mechanism, to be 3% which compares well to the
experimentally observed 1% (see Fig. 3).

The transmission change of the metamaterial in re-
sponse to control current at 50 kHz reveals a non-zero
threshold of about Ith = 80mA (see inset to Fig. 3). We
attribute this to the appearance of the Abrikosov vortices
(small domains of niobium in the normal state), which en-
ter the path of the resonantly induced sub-THz currents
at the intersections between the control wire and the arcs
of the split-ring meta-molecules. Given the dimensions of
the control wire and using the published data for niobium
[42, 43] we arrived at the threshold value of Iw = 17mA
(see Supplementary Material). Since the control wire ef-
fectively widens at the intersections this value (Iw) serves
as the lower limit estimate of the observed threshold cur-
rent (Ith).

In conclusion we showed that by running current
though a network of meta-molecules in a superconducting
metamaterial one could achieve a strong and fast mod-
ulation of sub-THz radiation. We provided an experi-
mental proof-of-principle demonstration of such modula-
tion and identified the underlying physical mechanisms
of the effect. Our approach can also be used for modu-
lating THz radiation in high-Tc superconducting meta-
materials [19, 20]. Compared to recently demonstrated
semiconductor-based metamaterial modulators [44–47],
our system achieved similar rate and depth of modulation
with a much larger active area (and therefore much lower
control power per active metamaterial area) due to the
virtual absence of a capacitive response. The same prop-
erty makes our approach uniquely suited in the situation
where spatial resolution is required (such as imaging and
spatially multiplexed communications), and offers an ad-
vantage over the existing schemes of THz-range electro-
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optical modulation based on optical and microwave mix-
ing [48]. We were unable to demonstrate modulation
rates beyond 100 kHz due to limited bandwidth of our
equipment, but we argue that the mechanism of conduc-
tivity modulation exploiting the self-induced magnetic
field is extremely fast. Indeed, the Abrikosov vortices
in niobium have been reported to propagate as fast as
2000m/s [49], which brings the rate of the transmission
modulation in the superconducting metamaterial into the
VHF frequency band.
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