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ABSTRACT

Superconducting materials are key for technologies enabling a large number of devices, including THz wave mixers and single-photon detec-
tors, though they are limited at very low temperatures for conventional superconductors. High-temperature operation could, in principle, be
offered using cuprate superconductors. However, the complexity of the material in thin film form, the extremely short coherence length, and
material stability have hindered the realization of THz devices working at liquid nitrogen temperatures. YBa2Cu3O7�d (YBCO) nanodevices
have demonstrated nonlinear properties typical of Josephson-like behavior, which have the potential for mixing of AC signals in the THz
range due to the large superconducting energy gap. Here, we present AC Josephson functionalities for terahertz waves utilizing Abrikosov
vortex motion in nanoscale-confined, fully planar YBCO thin film bridges. We observe Shapiro step-like features in the current–voltage char-
acteristics when irradiating the device with monochromatic subterahertz waves (100–215GHz) at 77K. We further explore these nonlinear
effects by detecting THz high-order harmonic mixing for signals from 200GHz up to 1.4 THz using a local oscillator at 100GHz. Our results
open a path to an easily fabricated HTS nonlinear nanodevice based on dimensional confinement, suitable for terahertz applications.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0309494

Photodetection in the terahertz (THz) frequency range (f � 0.1–
10THz)1–3 is essential in emerging technologies in imaging,4 spectros-
copy,5 and quantum information.6 Despite considerable progress in
semiconducting devices, superconductors are vital in bridging this fre-
quency range when high sensitivity, high frequency, or large pixel-
count imaging are of concern.7,8 Here, typical implementations are
transition-edge sensors, hot-electron bolometers, Josephson junctions,
and kinetic inductance detectors, to name a few. However, most imple-
mentations rely on low-temperature superconductors (LTS), requiring
cryogenic cooling from 4 to 20K, which significantly limits practical
operation.

Implementing devices with critical temperature (TC) above 20K
would alleviate the requirement of costly cryogenic cooling equipment.
Here, for example, MgB2 with a TC slightly below 40K has been used
for THz and IR detectors.9,10 Instead, high-temperature

superconductor (HTS) devices, such as those based on YBa2Cu3O7�d

(YBCO), offer a compelling alternative by enabling, in principle, opera-
tion at liquid nitrogen temperatures achievable with simple and low-
cost cryo-coolers. State-of-the-art HTS harmonic mixers employ the
nonlinear current phase relation (CPR) of Josephson Junctions (JJs)
realized using different techniques like bicrystal,11,12 step-edge,13,14 and
oxygen ion-irradiation.15,16 However, for these devices, the range of
operation remains restricted to subterahertz frequencies. Higher fre-
quency values (up to 640GHz) are achieved at temperatures below
20K,17 and similarly, devices based on HTS Bi2Sr2CaCu2O8þx intrin-
sic JJs report mixing at frequencies up to 1.6THz at 6K.18–20

While most superconducting mixers rely on barrier-based JJs,
there is a growing interest in replacing the active element with a simple
superconducting constriction that does not contain any barrier. This
mitigates fabrication complexity and could avoid detrimental effects
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due to barrier imperfections.21,22 Indeed, nonlinear CPR is not limited
to conventional barrier-based Josephson Junctions. Dayem bridges23

offer a scalable route to Josephson-like behavior by nanopatterning a
constriction in a bare film.24 Their transport properties, governed by
geometrical confinement,23,25 allow Josephson-like dynamics even
when the bridge length exceeds the coherence length (l � n0), pro-
vided the width is below the Pearl length (w � k2Lt

�1, where t is the
film thickness, and kL is the London penetration depth). In this limit,
the Josephson-like behavior is enabled through coherent Abrikosov
vortex dynamics.24 Such structures have explored the physics of non-
equilibrium superconductivity26–30 and inspired the development of
novel superconducting nanodevices.31–34

Here, we demonstrate THz harmonic mixing in YBCO Dayem
nanobridges integrated with planar antennas, operating at tempera-
tures up to 77K. In these devices, the finite voltage state is determined
by vortex dynamics. Harmonic mixing up to 1.4THz (14th harmonic)
is achieved, with the upper frequency limit set by the RF source and
measurement setup rather than by intrinsic device constraints. These
findings establish YBCO nanobridges as a promising technology for
high-frequency THz detection enabled by coherent Abrikosov
dynamics.

The HTS devices were fabricated from 50 nm-thick over-
doped, untwinned YBCO films grown on (110)-oriented MgO
substrates.35 The device layout consists of a YBCO spiral antenna
with an embedded bridge, as shown in a false-color scanning
electron microscope (SEM) image in Fig. 1(a). Each nanobridge
had widths (w) and lengths (l) of 70� 50 and 200� 400 nm2, see
the inset in Fig. 1(a). The devices were patterned by a single-step
lithography process combining a carbon mask, electron beam
lithography, and Ar ion beam etching36 (see supplementary
material Note 1). This nanofabrication process preserves the
superconducting properties of the YBCO film, yielding highly
reproducible devices with critical current densities approaching

the theoretical depairing limit.37 In addition, transmission elec-
tron microscope imaging38 and noise39 measurements demon-
strate that our nanobridges do not contain any grain boundaries,
further confirming the uniformity of the fabricated devices.
Electrical characterization of our devices was performed in a two-
point contact configuration in a DynaCool Physical Properties
Measurement System (Quantum Design Inc., USA), which
yielded a superconducting critical temperature of TC¼ 84.8 K,
Fig. 1(b), comparable to previously reported overdoped,
untwinned 50 nm-thick films.40 Furthermore, given the critical
current density at 77 K being 1:2� 106Acm�2 extrapolation from
the Bardeen expression JC / ð1� ðT=TCÞ2Þ3=241 would give a
value of � 2� 107Acm�2 at temperatures below 4 K, comparable
to our previously reported data.37

The devices were characterized by mixing THz signals up to
1.4THz in the setup illustrated in Fig. 1(c), see also supplementary
material Note 1 for more details. In this configuration, it was possible
to obtain both the current–voltage characteristics (IVCs) and the inter-
mediate frequency output power of the device as a function of the volt-
age across the device when using it as a heterodyne mixer.

In the absence of illumination, the IVCs of the nanobridges vary
across the studied temperature range, as shown in Fig. 2(a) for the
70� 50 nm2 bridge, and which is representative of the wider geometry
as discussed in supplementary material Note 2. Increasing the temper-
ature both reduces the critical current and alters the shape of the
finite-voltage branch in the IVC. At 60K, a flux-flow (FF) voltage state,
characterized by a downward curvature in the IVC42 and indicative of
vortex dynamics, is observed in the current range IC < I < 605lA
reaching a maximum voltage of 6mV [highlighted as gray zone in
Fig. 2(a)]. After this voltage, a flux-flow instability occurs, followed by
the resistive state with a stable hotspot (V> 30mV).43 It is interesting
to note that many studies performed on LTS bridges reveal that the FF
regime is only accessible for T�TC or under a magnetic field.29,44 In

FIG. 1. Design and characterization of nanobridge heterodyne detectors and mea-
surement setup. (a) SEM false-color image of a 70 nm wide YBCO nanowire inte-
grated with a YBCO spiral antenna on a MgO substrate. The inset shows a zoom-in
of the nanowire oriented along the a-axis. (b) Resistance as a function of the tem-
perature of the device. (c) Schematic of the measurement setup with an inset show-
ing the device inside the sample box (see supplementary material Note 1 for more
details).

FIG. 2. Photo-induced response of a bridge with a cross section of 70� 50 nm2.
(a) IVCs for a nanobridge for temperatures 77 and 60 K where the critical currents
are indicated for both curves. (b) Measurement at 77 K of the current–voltage char-
acteristic without an applied signal and with an applied frequency fLO ¼ 100, 155,
175, 195, and 215GHz. (c) Evolution at 77 K of the current–voltage characteristic
for the non-illumination case and for increasing illumination power at
fLO ¼ 100 GHz.
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contrast, in YBCO nanobridges, the FF regime expands to a broader
range of temperatures and does not require an externally applied mag-
netic field.37,42,45

The nanobridge exhibits Shapiro-like current steps in the FF
region, which are analogous to the ones observed in conventional JJs,46

when illuminated with RF signals in the range of 100–215GHz, even at
77K, see Fig. 2(b). In the case of a bridge, these steps in the IVCs are
due to phase-locking the radiation frequency to the coherent motion of
Abrikosov vortices and appear at specific voltages Vn given by the rela-
tion Vn ¼ nfLOU0, where Vn is the voltage at the integer step number
n, U0 is the magnetic flux quantum, and fLO is the frequency of the
external LO, see Fig. 2(b).25,47 Observation of Shapiro steps in the nano-
bridge required its width to be smaller than the Pearl length kP . This is
the case for our devices, considering a film thickness of t¼ 50nm and
previously reported London penetration depths in similar devices in a
range from 270 to 350nm.48,49 While Shapiro-like steps have been
observed in Dayem bridges under microwave irradiation (1GHz to
20GHz) at low temperatures (around 4K),45,50 this work demonstrates
such steps at frequencies above 100GHz at 77K. The observation of
Shapiro-like steps indicates coherent Abrikosov dynamics in the device,
which should also enable the detection of harmonic mixing.

Figure 3 shows the second harmonic mixing response of the
nanobridge at T¼ 77K and 60K, using a LO at fLO ¼ 100GHz applied
together with a signal fS ¼ 201GHz. For both temperatures, the LO
power was adjusted to suppress the critical current IC to half of its
zero-power value to measure at equivalent IAC=IC , see supplementary
material Note 3. Figure 3(a) (right axis) shows the amplified intermedi-
ate frequency (IF) power output from the device, PIF , at
jfS � 2fLOj ¼ 1GHz as a function of the DC voltage bias V across the
nanobridge, with the corresponding IVC (left axis), see supplementary
material Note 1 for more details. To resolve current steps at higher
voltage bias, we calculated the differential resistance dV=dI, see
Fig. 3(b). At both temperatures, IF power is measurable up to 2mV,

ranging from -40 dBm to -80 dBm. Remarkably, this occurs even at
77K without any discernible Shapiro steps in the dV=dI at high
voltages.

Vertical dashed lines in Figs. 3(a) and 3(b) indicate the voltage
positions of the minima in dV=dI. We first note that at high voltages,
the minima in dV=dI become offset relative to the minima of the IF
output. Also that while the first three steps closely follow the expected
dependence Vn ¼ nfLOU0, for n > 3, the spacing between Shapiro-
like steps increases with increasing voltage (or n), deviating from the
expected behavior. While voltage offsets between the minima in IF
output power and Shapiro-step position have also been observed in
JJs,51 the origin of the deviation of these Shapiro-like steps from their
expected voltage values remains unclear. Similar behavior has been
reported for Josephson junctions under strong high frequency dissipa-
tion and thermal fluctuations,52 suggesting a possible link to the dissi-
pative nature of the vortex dynamics combined with the thermal noise.
Figure 3(c) shows that at T¼ 60K, the current steps in the IVC appear
at the expected voltage values, indicating that the temperature has an
effect on the vortex dynamics. This phenomenology is further illus-
trated in Fig. 3(e), where Lorentzian fits to the dV=dI minima in Figs.
3(b) and 3(d) yield step voltages Vn, that, when plotted against step
number n, reveal a deviation from linearity at 77K, in contrast to the
linear behavior at 60K.

To explore the harmonic mixing performance of the 70 nm wide
bridge at higher frequencies, we increased fS up to 1THz (10th har-
monic mixing). Although the IVC measured at 58K shown in Fig. 4(a)
remains comparable to that in Fig. 3(c), the resulting PIFðVÞ signal dis-
plays a weaker and aperiodically spaced minima. The microscopic ori-
gin of this behavior is not yet understood and may involve a subtle
interplay between vortex dynamics and THz radiation, a matter that
will be studied in future work. However, this reduced voltage depen-
dence can also be advantageous, as it broadens the bias range over
which a nearly flat IF power is maintained.

FIG. 3. Second harmonic mixing using fLO ¼ 100 GHz with fS ¼ 201 GHz for a bridge with a cross section of 70� 50 nm2. (a) IVC (left axis) and output power response
detected at fIF ¼ 1 GHz (right axis) at T¼ 77 K. (b) Differential resistance obtained from IVC from panel (a) as a function of voltage. (c) IVCs measurement (left axis) and output
power response (right axis) measured at temperature T¼ 60 K. (d) Differential resistance obtained from panel (c) as a function of voltage. The vertical dashed lines indicate
the voltages corresponding to the minima of differential resistance. (e) Voltage position of current steps from panels (a) and (c) as a function of the step number for T¼ 77 K
and T¼ 60 K, respectively. The voltage positions are obtained after fitting a Lorentzian to the corresponding minima of the differential resistance. The standard deviation of the
fitting is smaller than the marker size.
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When increasing the bridge width to 200nm, the behavior changes.
The PIFðVÞ acquires a sharper, strongly quasi-periodic modulated pro-
file, as shown in Fig. 4(a), and the IVC curve shows more pronounced
Shapiro-like current steps, similar to the ones observed for the second
harmonic mixing in the 70nm bridge in Fig. 3. Indeed, the differential
resistance [Fig. 4(b)] shows that the 200nm bridge exhibits sharper min-
ima, consistent with better-defined steps in the IVC. However, as in the
narrower bridge at 77K, the voltage positions Vn against the step num-
ber n deviate from the linear trend, see Fig. 4(c). The deviation for the
wider bridge persists even at 60K, suggesting that temperature further
modifies vortex dynamics, affecting Shapiro step positions, but not har-
monic mixing. Importantly, this highlights the robustness of high-order
harmonic mixing, which remains unaffected by the visibility of Shapiro
steps. For devices with width exceeding the Pearl length, second har-
monic mixing is still observed (see supplementary material Note 5), but
at significantly lower IF power, and no visible Shapiro step in the IVCs.
A comprehensive study of how bridge length and width influence device
performance will be conducted in future work.

It is worth discussing the ultimate limit of harmonic mixing in
YBCO nanobridge detectors, which is instrumental for device imple-
mentation. In this work, we identify two key factors limiting the mix-
ing response: the superconducting energy gap and vortex dynamics.

A fundamental constraint is set by the superconducting energy
gap of YBCO, which defines the upper voltage, and thus frequency
limit for mixer operation. At 60K, the gap corresponds to approxi-
mately 12.5mV,53 which would typically suggest an upper frequency
limit of around 6THz for the AC Josephson effect. However, experi-
ments on Nb Josephson junctions have shown that, especially at low
temperatures, Shapiro steps and harmonic mixing can still be observed
at frequencies exceeding the superconducting gap value.54

A second intrinsic limitation arises from vortex dynamics in the
nanobridge. As shown in Fig. 2(a), vortex dynamics should be present

through the flux-flow branch, extending up to 6mV, beyond which we
observe a flux-flow instability. This behavior is further supported by
Fig. 5(a), which shows the characteristic minima in the IF power
response associated with Shapiro-like steps in the IVC up to 5:5mV,
indicating that vortex motion remains phase-locked to the LO even at
high voltages. The onset of flux-flow instability beyond this voltage is
dependent on the maximum vortex velocity achievable in our material,
which is influenced by both electron diffusivity and quasiparticle relax-
ation rate.26,50,55 Whether the 6mV threshold sets a fundamental limit
on the maximum signal frequency remains an open question. More
studies on this phenomenology would be valuable not only for opti-
mizing THz detection in the current devices but also for other applica-
tions where fast vortex motion is of interest. In principle, one could
even extend the flux-flow region using thinner films since our prelimi-
nary investigation shows that the flux-flow regime extends up to
50mV at 4K in optimally doped samples.40 Therefore, thickness and
doping-dependent mixing response will be instrumental in under-
standing if one can push the vortex flow regime to even higher
voltages.

In this study of high-order harmonic mixing in YBCO Dayem
bridges using frequency locking to the vortex motion, we utilized a sin-
gle LO source (100GHz) with a test signal varying in a broad spectral
range, 200–1400GHz (see supplementary material Note 1 for more
details). Although focusing on a more specific THz range would allow
for a thorough performance optimization, we attempt to obtain a gen-
eral understanding of the device operation as a coherent THz detector.
In particular, we focused on both reaching high THz frequencies and
high harmonic orders. Previous studies on both YBCO JJs11,13,51 and
equivalent Schottky diode56 harmonic mixers indicate a reduction of

FIG. 4. Comparison of tenth harmonic mixing using fLO ¼ 100GHz and
fS ¼ 1001GHz in bridges with cross sections of 70� 50 nm2 and 200� 50 nm2,
biased at equivalent AC currents at temperatures T¼ 59 K and T¼ 58 K, respec-
tively. (a) IVC measurement (left axis) and output power response detected a
fIF ¼ 1 GHz (right axis). (b) Differential resistance dV=dI obtained from the IVCs
shown in (a) as a function of voltage. (c) Voltage positions of current steps obtained
from fitting a Lorentzian to the minima of the differential resistances shown in (a)
and (c) as a function of the step number. The standard deviation of the fitting is
smaller than the marker size.

FIG. 5. Detection limit of the nanobridges at 59–58 K. (a) For the nanobridge with a
cross section of 200� 50 nm2, both 100 GHz current steps (left axis) and harmonic
mixing with 1.001 THz, i.e., the tenth harmonic (right axis), extend up to the
flux-flow instability voltage (5.5 mV). (b) For the nanobridge with a cross section
70� 50 nm2, filled circles show the maximum intermediate frequency output power
(left axis) and single sideband conversion efficiency GSSB (right axis) as a function
of the harmonic number n (filled circles) for a constant LO frequency (100GHz).
Open circles correspond to raw Pmax

IF data measured at lower THz source power in
the 1.1–1.5 THz range (x12, x13, x14 harmonics). These values were corrected by
15 dB (x30) to allow direct comparison with GSSB, see details in supplementary
material Note 6. The solid line is a PIF / n�10 fit. The y-axis is limited to
�120 dBm, which corresponds to our noise threshold.
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the mixing efficiency as the order of the harmonic increases. This trend
is described by the empirical power law PIF / na that reflects on the
conversion efficiency g ¼ PIF=PRF . While prior studies typically evalu-
ated this decay by varying fLO at a fixed signal frequency fS, our meth-
odology maintains a constant fLO and varies fS to track the harmonic
response. From our measurements, we extract the averaged Pmax

IF ,
which is plotted against the harmonic number n, correcting the source
power variations at higher harmonics indicated with open circles in
Fig. 5(b). This correction, takes into account the use of different sour-
ces and can be validated by the calculation of the single sideband con-
version efficiency GSSB, shown in Fig. 5(b) (see supplementary material
Note 6). The resulting decay yields a¼ �10. This value is an overesti-
mation as increasing THz signal frequency increases losses in the
YBCO-spiral antenna (including variation of its elliptical polarization),
optical coupling loss, etc. However, with the current device, extrapola-
tion based on our setup suggests a detection limit of up to 3.5THz
[see Fig. 5(b)].

Therefore, at this stage, the presented devices already demon-
strate performance levels suitable for many practical applications, such
as spectroscopy57,58 or wireless communication.59 Moreover, beyond
their current technical capabilities, these devices offer a promising plat-
form for exploring vortex dynamics potentially approaching the super-
conducting gap frequency.

See the supplementary material for detailed methods on thin-film
growth, device fabrication, and the measurement setup. It also provides
supporting data on the characterization of nanobridges, MATLAB
simulations based on the RSJ model used to compare the datasets, and
COMSOL simulations of hotspot formation in the nanobridges. In
addition, it includes second-harmonic mixing measurements on a
microbridge and an extended methodology describing the impact of
variations in the incident THz source and the resulting conversion
efficiency.
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