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Abstract: Superconductivity collapses when all Cooper
pairs acquire energies exceeding the superconducting gap.
Breaking these pairs requires photons with energy greater
than the superconducting gap or strong terahertz (THz)
electric fields, which has limited the practical use of super-
conducting devices at THz frequencies. Here, we show that
GdBa,Cu30,5 (GABCO) film integrated with 15-nm metal
nanogaps exhibit Cooper pair breaking at 20 K, which is
lower than its critical temperature T, under incident THz
fields as low as 60 V/cm. It should be noted that the extracted
optical constants of the nanogap-integrated film exhibit a
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characteristic of a non-superconducting state, in contrast to
the bare GABCO film. This suppression of the superconduc-
tivity cannot be attributed to heating or fabrication damage
but instead arises from the nanogap-enhanced THz fields
delivering ponderomotive energy beyond the supercon-
ducting gap. Our results establish a non-thermal, low-field
pathway for controlling superconductivity, opening oppor-
tunities for highly sensitive superconducting optoelectronic
devices such as a THz single photon detector.

Keywords: superconductivity suppression; terahertz spec-
troscopy; nanogap; ponderomotive energy; superconduct-

ing gap

1 Introduction

Superconductors exhibit extremely high electrical conduc-
tivity below their critical temperature and possess proper-
ties that differ fundamentally from those of conventional
metals. Because of these unique features, superconduc-
tors have been intensively investigated not only in funda-
mental physics but also for their potential in large-scale
applications such as power transmission, transportation,
and industrial systems [1]-[3]. In parallel, THz metama-
terials, artificially engineered subwavelength resonators,
enable exotic responses and intensify light-matter inter-
actions, establishing versatile platforms for sensing, non-
destructive inspection and for active tuning when inte-
grated with functional materials [4]-[21]. The integration
of superconductors with THz metamaterials combines the
strengths of both platforms: the conductivity of supercon-
ductors varies strongly with temperature, which allows
active tuning of the resonance frequency and strength of
metamaterial elements [22]-[25]. High-T, superconducting
films, in particular, offer low loss and high-quality fac-
tors in the THz regime, and when combined with meta-
materials, they can exhibit pronounced switching and
modulation of resonances [26]-[28]. Such superconducting
metamaterials typically exploit temperature control to
manipulate superconductivity.
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Beyond thermal tuning, superconductivity can also be
controlled by electromagnetic excitation. In superconduc-
tors, two electrons with opposite spins form a Cooper pair
bound by the superconducting gap. When the absorbed
energy exceeds this gap, superconductivity collapses, result-
ing in a sharp increase in direct current (DC) resistance,
a principle exploited in devices such as superconducting
nanowire single-photon detectors (SNSPDs) [29]-[36]. In
addition, studies have also shown that intense THz fields
can suppress superconductivity, even though their photon
energies lie below the superconducting gap [37]-[42]. If THz
metamaterials could lower the threshold field amplitude
required for the superconductivity suppression, the SNSPD
concept could be extended into the THz region, enabling
highly sensitive detection of weak THz fields, below the
current minimum detectable frequency of around 30 THz
[43], [44].

Here, we show that even a THz field as weak
as 60 V/cm can suppress superconductivity in a metal
nanogap-integrated GABCO film (hereafter referred to as
the GABCO nanogap), below its superconducting transition
temperature (Figure 1(a)). The bare film remains unaffected
by the THz field, with optical constants below T, = 88 K
corresponding to the superconducting state (Figure 1(b)).
In contrast, 15 nm-wide metal nanogap array fabricated on
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the GdBCO film via atomic layer lithography concentrates
the incident THz field by several hundred-fold through
capacitive charge accumulation at the nanogap edges
[45]-[49]. This extreme field enhancement drives the
underlying GABCO film into a non-superconducting state
(Figure 1(c)), as revealed by the THz transmitted amplitude
spectra of the GABCO nanogap. Finite element analysis (FEA)
further confirms that the extracted optical constants corre-
spond to a superconductivity-broken state.

2 Results and discussion

A 60 nm-thick GdBCO film was grown using pulsed laser
deposition, and the GdBCO nanogap sample was sub-
sequently fabricated by atomic layer lithography (see
Section 4 and Figure S1 for growth of GABCO films) [46].
As shown in Figure 2(a), rectangular gold patterns were
prepared via photolithography, metal deposition, and lift-
off process, respectively. This was followed by the confor-
mal deposition of a 15 nm-thick Al,O, spacer layer and the
deposition of a second gold layer, after which a peel-off
process completed the nanogap structure (see Section 4 for
details). Figure 2(b) presents a top-view scanning electron
microscope (SEM) image of the fabricated GABCO nanogap,
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Figure 1: Terahertz-driven superconductivity suppression enhanced by metal nanogap. (a) Schematic of a terahertz wave incident on a GdBCO
superconducting film integrated with metal nanogaps (GdBCO nanogap). (b) Illustration of the superconducting state in a region negligibly affected
by the incident terahertz field. Blue electrons connected by solid lines represent intact Cooper pairs carrying the supercurrent. (c) Suppression
of superconductivity induced by nanogap-enhanced terahertz fields. Yellow electrons connected by dotted lines indicate broken Cooper pairs caused

by the terahertz field.
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Figure 2: Fabrication and characterization of the GdBCO nanogap. (a) Fabrication process of the GdBCO nanogap using atomic-layer lithography:
Si0,-capped GABCO film (bare film), photolithography, first Au deposition (90 nm) followed by lift-off, Al, 05 atomic layer deposition (15 nm), second
Au deposition (70 nm), and peeling-off to form the GABCO nanogap. (b) Scanning electron microscope (SEM) image of the fabricated nanogap. Inset:
cross-sectional transmission electron microscope (TEM) image of a single nanogap, showing a 15 nm-wide Al,0,-filled gap between two Au layers.
(c) Calculated terahertz field-enhancement spectra of the GdBCO nanogap using the Kirchhoff integral formalism, with the maximum enhancement

at the resonance frequency of around 0.56 THz.

with the inset showing a cross-sectional transmission elec-
tron microscope (TEM) image of a single nanogap. The
rectangular pattern array is uniformly arranged with a
consistent period. The cross-sectional TEM image reveals
a 15 nm-wide Al,0-filled nanogap between two Au layers.
Thisnanogap provides the local THz field enhancement. The
induced charge generated by the incident THz field accu-
mulates on the Au regions adjacent to the Al,0; nanogap,
resulting in a locally enhanced THz field [45], [50]. Because
the THz field distribution characteristics of the nanogap,
including the field enhancement, are minimally affected by
the slanted geometry, we employed the Kirchhoff integral
formalism to determine the field enhancement. Using this
method, the nanogap yields a field enhancement of up to
600 times at the resonant frequency 0.56 THz as shown in
Figure 2(c) [48], [51].

After fabrication of the GABCO nanogap, we exam-
ined whether the bare film and GABCO nanogap were in
the superconducting or normal state by analysing the opti-
cal constants obtained from terahertz time-domain spec-
troscopy (THz-TDS, see Section 4 and Figure S2 for details).
Figure 3(a) shows the transmitted THz pulses through the
bare film, the GABCO nanogap, and a LaAlO5 (LAO) substrate
as a reference, under an incident THz field of 350 V/cm, in
the time domain. For the bare film, the peak electric-field

amplitude at 20 K is approximately four times lower than at
300 K. Note that, in contrast to s-wave superconductors with
a full gap, cuprate superconductors possess a d-wave gap
that leaves low-energy quasiparticles even below T'.. These
residual normal carriers give rise to finite THz absorption,
allowing measurable transmission through the GdBCO film
in the superconducting state [52], [53].

In contrast, for the GABCO nanogap, the transmitted
pulses at 20 K and 300 K have comparable amplitudes. The
corresponding transmitted amplitude spectra, obtained via
Fourier transform of the time-domain signals in Figure 3(a),
are shown in Figure 3(b). As the temperature increases from
20 K to 300 K, the transmitted amplitude of the bare film
at the 0.56 THz, the resonance frequency of the nanogap,
increases from 0.19 to 0.70, whereas that of the GdABCO
nanogap changes only from 0.17 to 0.26. This slight change
as temperature decreases, compared to the bare film, pro-
vides clear evidence that the superconducting properties
are already altered at low temperature in the nanogap-
enhanced THz field.

In a conventional superconducting film, the DC conduc-
tivity becomes infinite below the superconducting transi-
tion temperature (T, = 88 K for GABCO) [54]. At THz fre-
quencies, the optical conductivity remains finite but dra-
matically increases, reaching values on the order of tens of
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Figure 3: Temperature-dependent terahertz responses of the bare film and the GdBCO nanogap. (a) Terahertz time-domain traces of the bare film
and the GdBCO nanogap at various temperatures. Black: LAO substrate (reference); blue: 20 K; light blue: 90 K (near the superconducting transition
temperature, T, = 88 K); red: 300 K. For the GdBCO nanogap, the pulses are multiplied by a factor of three for clarity. Schematics of each sample are
shown next to panel (a). (b) Transmitted amplitude spectra of the bare film (upper panel) and the GdBCO nanogap (lower panel) at different
temperatures. (c) DC electrical resistance of the bare film (upper panel) and normalized terahertz transmitted amplitude ¢/t « at 0.56 THz

for the bare film and the GdBCO nanogap (lower panel). The dashed gray line marks 7, of the bare film.

mQ~! em~! below T, [37], [55]-[57]. The extinction coeffi-
cient x characterizes the exponential attenuation of a THz
field as it propagates through the material. For a conductor,
k can be expressed as [58]:

Uow
2

K =

where pu is the magnetic permeability, o is the
conductivity, and o is the angular frequency of the
incident wave. Because x increases with the square root
of o, the enhanced conductivity of superconductor at
low temperature results in a larger extinction coefficient,
leading to a reduced transmitted THz field amplitude
[59]. Meanwhile, above T, the thin GdBCO film exhibits
a much smaller extinction coefficient, giving rise to a
higher transmitted amplitude. Consequently, the transition
from the low-temperature superconducting state to
the high-temperature non-superconducting state yields
a pronounced modulation depth in the transmitted
amplitude.

For the GdBCO nanogap, however, the transmitted
amplitude at 20 K is unexpectedly high, showing little dif-
ference compared to that at 300 K. In Figure 3(b), the
GdBCO nanogap with gap width of 15 nm exhibits a trans-
mitted amplitude of around 0.17 at the peak frequency

of 0.56 THz at 20 K, while a bare film has a transmit-
ted amplitude of approximately 0.19 at 20 K and 0.56 THz.
Typically, when a phase transition material is integrated
with nanogaps in THz region, the coupling between THz
wave and the target material enhances the amplitude mod-
ulation between different states, leading to transmission
changes even larger than those observed in the bare film
[60]. Contrary to this expectation, the measured transmitted
amplitude at 20 K is about 0.17, comparable to 0.26 of the
GdBCO nanogap at 300 K. This indicates that the GdBCO film
beneath the metal nanogap at 20 K is in a state similar to
that at 300 K, implying that superconductivity is suppressed
even below the critical temperature. It is also noteworthy
that, at a lower incident THz field amplitude of 60 V/cm,
the GABCO nanogap exhibits transmitted amplitude spec-
tra similar to those obtained at 350 V/cm in Figure 3(b)
(see Figure S3(a) in the Supplementary Material). This fur-
ther suggests that superconductivity is already broken
under the nanogap even at the field amplitude as low as
60 V/cm.

Figure 3(c) presents the DC-measured electrical resis-
tance of the bare film (top panel), along with the normalized
THz transmitted amplitude ¢/t5, « for both the bare film and
the GABCO nanogap (bottom panel) at 0.56 THz, where ¢ is
the transmitted amplitude at the temperature of interest,
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and ty, g is the transmitted amplitude at 300 K, used here as
areference. It should be noted that the ¢/t;,, « for the GdBCO
nanogap at 20 K remains anomalously high, comparable to
that of the bare film at 100 K, which lies above the supercon-
ducting transition temperature, T..

To further understand the transmitted amplitude spec-
tra of the GABCO nanogap at 20 K, it is necessary that the
optical constants, specifically, the refractive index n and
extinction coefficient x, of the GABCO film combined with
the nanogap is investigated. We used the wave optics mod-
ule in COMSOL Multiphysics to estimate the effective optical
constants of the GABCO film underneath the nanogap. A
simulation domain replicating the real nanogap structure
(see Section 4 for the details of finite element analysis) was
constructed, and the transmitted amplitude spectra were
calculated by sweeping the incident frequency. First, the
refractive index was adjusted to align the resonance fre-
quency with the experimental data (Figure 4(a)), followed
by tuning the extinction coefficient to match the transmit-
ted amplitude (Figure 4(b)). This iterative procedure was
performed until the simulated spectra closely reproduced
the experimental results. All these procedures were also
repeated to extract the optical constants of the GdBCO
nanogap at THz field amplitude 60 V/cm, and 28 V/cm.

Figure 5(a) shows the extinction coefficient spectra of
the bare film and the GABCO nanogap at 20 K. The extinction
coefficient of the bare film, calculated from the complex
transmitted amplitude spectra [61], is plotted as a solid black
line, with its value at the nanogap resonance frequency
highlighted by the green circle. For the GABCO film under-
neath the nanogap, the representative extinction coefficient
at the same resonance frequency (green star, extracted as
described in Figure 4) is extended across the spectrum as
a dotted black line. Although the full spectral dependence
for the GABCO nanogap cannot be calculated due to its
inherent resonant property, the extinction coefficient of the
GdBCO film affected by nanogap-enhanced THz field is sig-
nificantly smaller than that of the bare film, even lower than
the extinction coefficient of the bare film at 90 K (kg ¢).
Since x generally increases monotonically as temperature
decreases in superconductors (see Figure $4), ko, x provides
a useful reference boundary: values below this line indicate
that superconductivity is likely suppressed, whereas those
above suggest that the superconducting state is preserved.

Figure 5(b) shows the THz field experienced by the
GdBCO film, Eg;,,,, together with the corresponding extinc-
tion coefficients. In our THz-TDS system, the incident THz
field on the sample is 350 V/cm, which is directly experi-
enced by the bare film (green circle). In contrast, the film
underneath the nanogap experiences a locally enhanced
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electric field, with the corresponding extinction coefficient
plotted as the green star, being consistent with Figure 5(a).
The pink star represents the nanogap under an incident
THz field of 60 V/cm. The violet star represents the nanogap
under an incident THz field of 28 V/cm, with the GdBCO
film thickness of 90 nm for the confirmation of supercon-
ductivity maintaining under low THz field. When compared
against the reference line of x4, x introduced in Figure 5(a),
these data clearly show that superconductivity combined
with the nanogap is suppressed even under the incident
field of 60 V/cm but not suppressed under the field of
28 V/cm.

Comparing the two green circle and star points in
Figure 5(b), which correspond to the same incident THz
field, the bare film experiences less than 1 kV/cm, whereas
the GABCO under the nanogap experiences on the order of
several hundred times greater due to strong field enhance-
ment near the nanogap. In superconductors, Cooper pairs,
which carry the supercurrent, can be disrupted if they
acquire energy exceeding the superconducting gap 2A
[29]-[31], [34], [62]. Under incident THz field E, Cooper pairs
gain ponderomotive energy 2U

eZ EZ
2U, =
P 2me?

where e is the electron charge, m is the electron mass, and
o is the angular frequency of the THz field [38], [41], [42].
Superconductivity is broken when 2U,, > 2A.

For GdBCO, with 2A = 50 meV at the temperature 20 K
[63] and the dominant frequency in our system w/2x =
0.51 THz (see Figure S2(c) to check the spectrum of our THz-
TDS system), the threshold field at which the ponderomotive
energy just exceeds the superconducting gap is given by

yielding a value of E,, = 34 kV/cm. For the bare film, the
incident field has much smaller than E,,, so the super-
conducting state is maintained as described in Figure 1(b).
For the GABCO nanogap, however, the enhanced field in
the GdBCO nanogap substantially exceeds E,,, thereby
breaking Cooper pairs and suppressing superconductiv-
ity as described in Figure 1(c). Even when the incident
field is reduced to about 60 V/cm, the nanogap-enhanced
field still surpasses E,,, as indicated by the pink star in
Figure 5(b), demonstrating that this lower external field
is also sufficient to break superconductivity. We further
examined the superconducting state using another GdBCO
nanogap fabricated with a 90-nm-thick GdBCO film and
measured with a THz-TDS system driven by an oscillator
laser, which generates a weaker THz field of 28 V/cm (see
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Figure 4: Estimation of refractive index n and extinction coefficient k¥ using COMSOL simulations. (a) Parameter sweep of the refractive index of
the GdBCO film to reproduce the 0.56 THz resonance of the GABCO nanogap. (b) Parameter sweep of the extinction coefficient of the film to match
the transmitted amplitude of the nanogap. During each sweep, the other parameter was kept constant. The blue double line represents

the experimental result of the GdBCO nanogap at 20 K under an incident field of 350 V/cm.
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Figure 5: Terahertz field-dependent extinction coefficient and superconductivity suppression in the GdBCO nanogap. (a) Extinction coefficient spectra
of the bare film and the GdBCO nanogap at 20 K. (b) Extinction coefficient of the bare film and the nanogap at 20 K and 0.56 THz as a function of

the THz field experienced by the GdBCO film, Eg;,,,. The dashed gray lines in (a) and (b) indicates the extinction coefficient of the bare film at 90 K.

The dotted black line in (a) extends the extinction coefficient at 0.56 THz to other frequencies. The dotted dark-gray line in (b) marks the threshold
field £,, at which the ponderomotive energy equals the superconducting gap 2A. Symbols: circles, bare film; stars, GdBCO nanogap. Green data
points correspond to an incident field of £, = 350 V/cm, the magenta data point corresponds to £;,. = 60 V/cm, and the violet data point

corresponds to £, =28 V/cm.

inc

Figure S3(b) to check the transmitted amplitude spectra for
the 90 nm-GdBCO nanogap). From this measurement, we
confirmed that the enhanced local THz field is approx-
imately 17 kV/cm which is below E,, and therefore the
superconductivity of the GABCO film is preserved as indi-
cated by the violet star in Figure 5(b). We also confirm that
heating due to the applied THz field is insufficient to raise
the film temperature to T, [37]-[39], [41]. Furthermore,
the observed change is independent of any degradation
of the GABCO film during the fabrication processes (see

Figure S5 for details), confirming that the superconductiv-
ity breaking originates from the nanogap-enhanced THz
field.

3 Conclusions

We demonstrated that nanogap structures enable control of
superconductivity in GdBCO films using THz fields. These
THz fields have energies below the superconducting gap
and relatively small amplitudes. Using transmission-type
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THz-TDS, we measured the optical constants of the bare
film, representing the unsuppressed superconducting state.
When a nanogap array was integrated on the film, the
retrieved optical constants at cryogenic temperatures were
found to be consistent with those of the bare film in the non-
superconducting state above T, even when the incident
field was reduced to as low as 60 V/cm. This behavior cannot
be attributed to thermal effects or film degradation during
fabrication, but instead arises from the nanogap-enhanced
local THz field, which delivers ponderomotive energy to
Cooper pairs that exceeds the superconducting gap. Our
findings suggest that by further optimizing nanogap param-
eters such as periodicity, pattern size, and nanogap width
using deep learning algorithms, superconductivity could be
disrupted with even weaker incident fields [48]. This study
opens a pathway to leveraging superconductors to detect
weak THz fields that have until now been difficult to access,
potentially enabling next-generation high-frequency com-
munication, quantum sensing, and THz imaging.

4 Methods

4.1 Sample fabrication

A GdBCO superconducting sample was fabricated by epi-
taxially depositing a GABCO film on a 0.5 mm-thick (001)-
oriented LaAlO, substrate using pulsed laser deposition. The
film surface was subsequently planarized, and its thick-
ness was adjusted to 60 nm via Ar ion milling. To pre-
vent chemical degradation during fabrication and measure-
ment processes, the GABCO film was capped with a 10 nm-
thick SiO, layer. On top of this SiO,-capped film, atomic
layer lithography was employed to define 15 nm-wide gold
nanogaps. Rectangular patterns of 10 pm X 40 pm, arranged
with a periodicity of 40 pm X 50 pm, were formed using
photolithography with a SUSS MicroTec MA6 mask aligner
and AZ nLOF 2035 photoresist. A 5-nm-thick chromium layer
to enhance adhesion between the gold and the underly-
ing superconducting film was deposited using a Temescal
FC-2000 E-beam evaporator, preceded by a 90 nm-thick
gold layer. The photoresist and overlying metal were then
removed using N-methyl-2-pyrrolidone (NMP), resulting in
rectangular metal hole arrays. 15 nm-thick conformal Al,O4
layer was subsequently deposited onto the rectangular hole
array structure via atomic layer deposition (ALD) using an
NCD Lucida D100, forming the dielectric spacer that would
become the nanogap between two gold layers. After the
ALD process, a 70 nm-thick gold layer was deposited, and
the excess gold was removed using ion milling followed by
a tape-assisted peel-off process. This procedure yields an
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Al,0s-filled 15 nm nanogap between adjacent gold layers,
forming the final GABCO nanogap structure. The overall
procedure was repeated identically for the fabrication of
GdBCO nanogaps using a 90-nm-thick GABCO film, in order
to confirm that superconductivity is maintained under THz
fields lower than E,, .

4.2 Terahertz time-domain spectroscopy

The optical properties of the GABCO superconducting film
and nanogap were characterized using THz-TDS. THz pulses
were generated by a GaAs photoconductive antenna excited
by two different ultrashort laser pulses (see Figure S2 for
detail). The peak electric field of the THz pulse was approx-
imately 350 V/cm when OPCPA was used. The THz pulses
were detected via electro-optic sampling with a 1-mm-thick
ZnTe (110) crystal. The THz time transients were Fourier-
transformed to obtain the THz spectra of the samples. The
samples were mounted in a closed-cycle helium cryostat for
the temperature-dependent measurements. As described
in Figure S2(a), the measurement chamber was purged
using N, gas to minimize water vapor absorption of THz
pulses.

4.3 Finite element analysis

We employed a commercial finite element analysis tool,
COMSOL Multiphysics, to extract the extinction coefficients
of the GABCO film beneath the metal nanogaps. The sim-
ulation domain was constructed to mimic the experimen-
tal structure, consisting of 15nm-wide Al,O;-filled gold
nanogaps (refractive index of Al,0; = 2.35 4 0i for its 20 nm
thickness [46]) with a rectangular pattern size of 10 pm X
40 pm, a periodicity of 40 pm X 50 pm, and a thickness
of 90 nm. These nanogaps were positioned on a layered
structure comprising a 10 nm-thick SiO, capping layer with
refractive index of 2 + 0i, a 90 nm-thick GdBCO film, and
a semi-infinite LAO substrate (refractive index = 4.8 + 0i).
The refractive index of Au layer was calculated using Drude
model, expressed as

2
w!’

Ew=¢€( — —5——
® @+ oo,

where the Drude parameters for gold are w, = 137 X
10* THz, w, = 6.78 THz, and &, = 10 [64]. The value of @,
was set to be smaller than its room-temperature value to
account for the increased conductivity of the metal at low
temperatures [65], [66]. All materials in this simulation were
assumed to be isotropic, meaning that all diagonal elements
of the permittivity tensor are equal and all off-diagonal
components are zero. Perfectly matched layers (PMLs) were
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applied to the top and bottom of the domain to eliminate
undesired reflections and diffractions. To reduce the com-
putational load, symmetry boundaries were used according
to the periodicity of the structure. The incident THz pulse
was modelled with normal incidence (0°) and polarization
perpendicular to the longer axis of the nanogap. The trans-
mitted amplitude spectra were calculated, and the simula-
tion was iteratively repeated while sweeping the complex
refractive index of the GdBCO layer to match the simu-
lated transmitted amplitude spectra with the experimental
results.

Acknowledgments: The authors gratefully acknowledge
the UNIST Central Research Facilities (UCRF) for providing
access to the fabrication and measurement equipment used
in this work.

Research funding: This research was supported by
National Research Foundation of Korea (NRF) grants
funded by the Korean government (2022M3H4A1A 04096465,
RS-2023-00257666, RS-2024-00353252, RS-2024-00454894,
RS-2025-02272971, and RS-2025-25433745), Korea Planning
& Evaluation Institute of Industrial Technology (KEIT,
RS-2025-06642983), the ITRC (Information Technology
Research Center) program supervised by the Institute of
Information and Communications Technology Planning
& Evaluation (IITP, RS-2023-00259676), and 2025 Research
Fund of Ulsan National Institute of Science and Technology
(1.250007.01).

Author contributions: HRP conceived the study and
designed the research. HSP and BK prepared the super-
conducting films. UC and CHS carried out the structural
analysis. JYK and GJ fabricated the GdBCO nanogap
sample. JYK, JHK, GJ, CWS, and KK performed the
temperature-dependent THz-TDS measurements. HTL and
JYK conducted the finite element analysis. HRP supervised
the project. All authors have accepted responsibility for
the entire content of this manuscript and consented to its
submission to the journal, reviewed all the results and
approved the final version of the manuscript.

Conflict of interest: Authors state no conflicts of interest.
Data availability: Data sharing does not apply to this article
as no datasets were generated or analysed during the cur-
rent study.

References

[11 C.K. Poole, H. A. Farach, and R. J. Creswick, Handbook of
Superconductivity, San Diego, CA, USA, Academic Press, 1999, p. 2.

[2] C.YaoandY.Ma, “Superconducting materials: Challenges and
opportunities for large-scale applications,” iScience, vol. 24, no. 6,
p. 102541, 2021.

DE GRUYTER

[3] L. Garcia-Tabarés, F. Toral, J. Munilla, L. Gonzalez, T. Puig, and
X. Obradors, “Perspectives in power applications of low and
mainly high temperature superconductors: Energy, transport
and industry,” Riv. Nuovo Cimento, vol. 48, no. 7, pp. 435—536,
2025.

[4] H.Parketal., “Terahertz nanoresonators: Giant field enhancement
and ultrabroadband performance,” Appl. Phys. Lett., vol. 96, no. 12,
p. 121106, 2010.

[5] H.-R.Parketal., “Controlling terahertz radiation with nanoscale
metal barriers embedded in nano slot antennas,” ACS Nano, vol. 5,
no. 10, pp. 8340—8345, 2011.

[6] D.Shrekenhamer, W.-C. Chen, and W. . Padilla, “Liquid crystal
tunable metamaterial absorber,” Phys. Rev. Lett., vol. 110, no. 17,

p. 177403, 2013.

[71 A.Bhattacharya, G. Georgiou, S. Sawallich, C. Matheisen, M. Nagel,
and J. Gébmez Rivas, “Large near-to-far field spectral shifts for
terahertz resonances,” Phys. Rev. B, vol. 93, no. 3, p. 035438, 2016.

[8] S.Park,S. Cha, G. Shin, and Y. Ahn, “Sensing viruses using
terahertz nano-gap metamaterials,” Biomed. Opt. Express, vol. 8,
no. 8, pp. 3551—3558, 2017.

[9] J.Jeong et al., “Anomalous extinction in index-matched
terahertz nanogaps,” Nanophotonics, vol. 7, no. 1, pp. 347—354,
2018.

[10] W.X.Lim and R. Singh, “Universal behaviour of high-Q Fano
resonances in metamaterials: Terahertz to near-infrared regime,”
Nano Converg., vol. 5, no. 1, p. 5, 2018.

[11] A. Calabrese et al., “Coulomb forces in THz electromechanical
meta-atoms,” Nanophotonics, vol. 8, no. 12, pp. 2269—2277, 2019.

[12] S.H.Lee,Y.K. Lee, S.-H. Lee, J. Kwak, H. S. Song, and M. Seo,
“Detection and discrimination of SARS-CoV-2 spike protein-derived
peptides using THz metamaterials,” Biosens. Bioelectron., vol. 202,
p. 113981, 2022.

[13] A.D.Squires et al., “Electrically tuneable terahertz metasurface
enabled by a graphene/gold bilayer structure,” Commun. Mater.,
vol. 3, no. 1, p. 56, 2022.

[14] G.Jietal., “Terahertz virus-sized gold nanogap sensor,”
Nanophotonics, vol. 12, no. 1, pp. 147—154, 2023.

[15] Y.-M. Bahk, K.-H. Kim, K. J. Ahn, and H.-R. Park, “Recent
developments in terahertz nanosensors,” Adv. Photonics Res., vol. 5,
no. 1, p. 2300211, 2024.

[16] J.Zhu, C. Li, B. Fang, ). Lu, Z. Hong, and X. Jing, “Advancements in
biosensing detection based on terahertz metasurfaces,” Opt. Laser
Technol., vol. 176, p. 110978, 2024.

[17] Y. Zhang, B. Hou, Q. Song, Z. Yi, and Q. Zeng, “A THz smart switch
based on a VO, metamaterial that switches between wide-angle
ultra-wideband absorption and transmission,” Dalton Trans.,
vol. 53, no. 48, pp. 19264 —19271, 2024.

[18] T.Kim,S.Kim,S.). Hong, E.-C. Song, K. H. Lee, and Y.-M. Bahk,
“In-depth study for confinement of electromagnetic wave in a
coupled terahertz nano-slot antenna,” J. Korean Phys. Soc., vol. 85,
no. 4, pp. 286—291, 2024.

[19] X.Li,H.T. Lee, D. Han, and J. Rho, “Metasurface-driven sensing in
terahertz region: Principles, applications, fabrication, and
challenges,” Adv. Mater. Technol., vol. 10, no. 20, p. 00886,

2025.

[20] H.-T.Lee, H. Lee, ). Kim, M. Park, C. Sohn, and H.-R. Park,
“Enhanced terahertz magneto-plasmonic effect enabled by
epsilon-near-zero iron slot antennas,” Nanophotonics, vol. 14, no. 8,
pp. 1257—1264, 2025.



DE GRUYTER

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

31

32]

[33]

[34]

[33]

[36]

(37]

[38]

[39]

H.-T. Lee, ). Kim, H. Lee, H.-R. Park, H. . Shin, and . Rho,
“Low-voltage-driven nonvolatile electrochemical active control of
terahertz transmission in conductive-polymer-nanoresonator
hybrid devices,” Nano Lett., vol. 25, no. 37, pp. 13827 —13834, 2025.
S. M. Anlage, “The physics and applications of superconducting
metamaterials,” J. Opt., vol. 13, no. 2, p. 024001, 2010.

C. Zhang et al., “Low-loss terahertz metamaterial from
superconducting niobium nitride films,” Opt. Express, vol. 20, no. 1,
pp. 42—47,2011.

J. Wu et al., “Tuning of superconducting niobium nitride terahertz
metamaterials,” Opt. Express, vol. 19, no. 13, pp. 12021—12026, 2011.
V. Savinov, V. A. Fedotov, S. Anlage, P. De Groot, and N. I. Zheludev,
“Modulating sub-THz radiation with current in superconducting
metamaterial,” Phys. Rev. Lett., vol. 109, no. 24, p. 243904, 2012.
H.-T. Chen et al., “Tuning the resonance in high-temperature
superconducting terahertz metamaterials,” Phys. Rev. Lett.,

vol. 105, no. 24, p. 247402, 2010.

J. Gu et al., “Terahertz superconductor metamaterial,” Appl. Phys.
Lett., vol. 97, no. 7, p. 071102, 2010.

S. Kalhor, M. Ghanaatshoar, T. Kashiwagi, K. Kadowaki, M. Kelly,
and K. Delfanazari, “Thermal tuning of high-Tc superconducting
Bi,Sr,CaCu, 04, 5 terahertz metamaterial,” IEEE Photonics ., vol. 9,
no. 5, pp. 1—38, 2017.

P. Kusar, V. V. Kabanov, J. Demsar, T. Mertelj, S. Sugai, and D.
Mihailovic, “Controlled vaporization of the superconducting
condensate in cuprate superconductors by femtosecond
photoexcitation,” Phys. Rev. Lett., vol. 101, no. 22, p. 227001, 2008.
M. Beck et al., “Energy-gap dynamics of superconducting NbN thin
films studied by time-resolved terahertz spectroscopy,” Phys. Rev.
Lett., vol. 107, no. 17, p. 177007, 2011.

M. Beyer et al., “Photoinduced melting of superconductivity in the
high-Tc superconductor La,_,Sr,CuO, probed by time-resolved
optical and terahertz techniques,” Phys. Rev. B, vol. 83, no. 21,

p. 214515, 2011.

P.J. de Visser, . Baselmans, J. Bueno, N. Llombart, and T. Klapwijk,
“Fluctuations in the electron system of a superconductor exposed
to a photon flux,” Nat. Commun., vol. 5, no. 1, p. 3130, 2014.

L. You, “Superconducting nanowire single-photon detectors for
quantum information,” Nanophotonics, vol. 9, no. 9,

pp. 2673—2692, 2020.

D. Nevola et al., “Ultrafast melting of superconductivity in an
iron-based superconductor,” Phys. Rev. X, vol. 13, no. 1, p. 011001,
2023.

J. S. Luskin et al., “Large active-area superconducting microwire
detector array with single-photon sensitivity in the near-infrared,”
Appl. Phys. Lett., vol. 122, no. 24, p. 243506, 2023.

K. Delfanazari, “Ultrafast terahertz superconductor van der Waals
metamaterial photonic switch,” Adv. Photonics Res., vol. 5, no. 10,
p. 2400045, 2024.

R. Matsunaga and R. Shimano, “Nonequilibrium BCS state
dynamics induced by intense terahertz pulses in a
superconducting NbN film,” Phys. Rev. Lett., vol. 109, no. 18,

p. 187002, 2012.

C. Zhang et al., “Pair-breaking in superconducting NbN films
induced by intense THz field,” J. Infrared Millim. Terahertz Waves,
vol. 33, no. 11, pp. 1071—1075, 2012.

A. Glossner et al., “Cooper pair breakup in YBCO under strong
terahertz fields,” arXiv preprint arXiv:1205.1684, 2012.

J. Kim et al.: Enhanced terahertz suppression of superconductivity = 9

[40]

C. Zhang et al., “Terahertz nonlinear superconducting
metamaterials,” Appl. Phys. Lett., vol. 102, no. 8, p. 081121,
2013.

[41] J. Tian, ). Zuber, S. Huang, and C. Zhang, “Superconducting

[42]

[43]

pair-breaking under intense sub-gap terahertz radiation,” Appl.
Phys. Lett., vol. 114, no. 21, p. 212601, 2019.

M. Nadeem, M. S. Fuhrer, and X. Wang, “The superconducting
diode effect,” Nat. Rev. Phys., vol. 5, no. 10, pp. 558 =577,

2023.

V.Verma et al., “Single-photon detection in the mid-infrared up to
10 pm wavelength using tungsten silicide superconducting
nanowire detectors,” APL Photonics, vol. 6, no. 5, p. 056101, 2021.

[44] ). A.Lau, V. B. Verma, D. Schwarzer, and A. M. Wodtke,

[43]

[46]

[47]

[48]

[49]

“Superconducting single-photon detectors in the mid-infrared for
physical chemistry and spectroscopy,” Chem. Soc. Rev., vol. 52,

no. 3, pp. 921—941, 2023.

M. Seo et al., “Terahertz field enhancement by a metallic nano slit
operating beyond the skin-depth limit,” Nat. Photonics, vol. 3, no. 3,
pp. 152—156, 2009.

X. Chen et al., “Atomic layer lithography of wafer-scale nanogap
arrays for extreme confinement of electromagnetic waves,” Nat.
Commun., vol. 4,no. 1, p. 2361, 2013.

Y.-M. Bahk et al., “Electromagnetic saturation of angstrom-sized
quantum barriers at terahertz frequencies,” Phys. Rev. Lett.,

vol. 115, no. 12, p. 125501, 2015.

H.-T. Lee, J. Kim, J. S. Lee, M. Yoon, and H.-R. Park, “More than
30000-fold field enhancement of terahertz nanoresonators
enabled by rapid inverse design,” Nano Lett., vol. 23, no. 24,

pp. 11685—11692, 2023.

H.Yang et al., “Suppressed terahertz dynamics of water confined
in nanometer gaps,” Sci. Adv., vol. 10, no. 17, p. eadm7315,

2024.

[50] J. Kyoung, M. Seo, H. R. Park, K. Ahn, and D. Kim, “Far field

[51]

[52]

[53]

[54]

[53]

[56]

detection of terahertz near field enhancement of sub-wavelength
slits using Kirchhoff integral formalism,” Opt. Commun., vol. 283,
no. 24, pp. 4907—-4910, 2010.

D. Kim et al., “Giant field enhancements in ultrathin nanoslots
above 1 terahertz,” ACS Photonics, vol. 5, no. 5, pp. 1885—1890,
2018.

A. Pashkin et al., “Femtosecond response of quasiparticles and
phonons in superconducting YBa,Cu;0,.5 studied by wideband
terahertz spectroscopy,” Phys. Rev. Lett., vol. 105, no. 6, p. 067001,
2010.

P. Tassin, T. Koschny, M. Kafesaki, and C. M. Soukoulis, “A
comparison of graphene, superconductors and metals as
conductors for metamaterials and plasmonics,” Nat. Photonics,
vol. 6, no. 4, pp. 259 —264, 2012.

H.Jeon, ). Lee, D. Yang, W. Kang, and B. Kang, “Effect of BSO
addition on Cu-O bond of GdBa,Cu;0,,, films with varying
thickness probed by extended x-ray absorption fine structure,”
Prog. Supercond. Cryog., vol. 18, no. 4, pp. 1—4, 2016.

S. Brorson et al., “Electrodynamics of high-temperature
superconductors investigated with coherent terahertz pulse
spectroscopy,” J. Opt. Soc. Am. B, vol. 13, no. 9, pp. 1979—1993,
1996.

T.-R. Tsai, C.-C. Chi, and S.-F. Horng, “Terahertz responses of
high-resistivity YBCO thin films,” Phys. C: Supercond., vol. 391, no. 3,
pp. 281—288, 2003.



10 = ] Kim et al.: Enhanced terahertz suppression of superconductivity

[57]

[58]

[59]

[60]

[61]

[62]

L. Bilbro, R. V. Aguilar, G. Logvenov, O. Pelleg, I. BoZovi¢, and N.
Armitage, “Temporal correlations of superconductivity above the
transition temperature in La,_,Sr,CuO, probed by terahertz
spectroscopy,” Nat. Phys., vol. 7, no. 4, pp. 298 —302, 2011.

D. J. Griffiths, Introduction to Electrodynamics, 3rd ed. Cambridge,
UK, Cambridge University Press, 2023, p. 394.

G. Ji et al., “Terahertz time domain spectroscopy of GdBCO
superconducting thin films,” Prog. Supercond. Cryog., vol. 21, no. 1,
pp. 15—17,2019.

M. Seo et al., “Active terahertz nanoantennas based on VO, phase
transition,” Nano Lett., vol. 10, no. 6, pp. 2064 —2068, 2010.

H.-T. Lee et al., “Measuring complex refractive indices of a
nanometer-thick superconducting film using terahertz
time-domain spectroscopy with a 10 femtoseconds pulse laser,”
Crystals, vol. 11, no. 6, p. 651, 2021.

C. Seo, J. Kim, S. Eom, K. Kim, and H.-R. Park, “Terahertz
spectroscopy of high temperature superconductors and their
photonic applications,” J. Korean Phys. Soc., vol. 81, no. 6,

pp. 490—501, 2022.

[63]

[64]

[65]

[66]

DE GRUYTER

H. Edwards, J. Markert, and A. De Lozanne, “Energy gap

and surface structure of YBa,Cu;0,_, probed by scanning
tunneling microscopy,” Phys. Rev. Lett., vol. 69, no. 20, p. 2967,
1992.

M. A. Ordal, R.J. Bell, R. Alexander Jr., L. L. Long, and M. R. Querry,
“Optical properties of fourteen metals in the infrared and far
infrared: Al, Co, Cu, Au, Fe, Pb, Mo, Ni, Pd, Pt, Ag, Ti, V, and W,”
Appl. Opt., vol. 24, no. 24, pp. 4493—4499, 1985.

R. L. Olmon et al., “Optical dielectric function of gold,” Phys. Rev. B,
vol. 86, no. 23, p. 235147, 2012.

T. Brandt, M. Hovel, B. Gompf, and M. Dressel, “Temperature-and
frequency-dependent optical properties of ultrathin Au films,”
Phys. Rev. B, vol. 78, no. 20, p. 205409, 2008.

Supplementary Material: This article contains supplementary material
(https://doi.org/10.1515/nanoph-2025-0487).


https://doi.org/10.1515/nanoph-2025-0487

	1 Introduction
	2  Results andtnqxa0;discussion
	3 Conclusions
	4 Methods
	4.1 Sample fabrication
	4.2 Terahertz time-domain spectroscopy
	4.3 Finite element analysis



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


