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The use of the THz frequency domain in future network generations offers an unparalleled level of
capacity, which can enhance innovative applications in wireless communication, analytics, and
imaging. Communication technologies rely on frequency mixing, enabling signals to be converted
from one frequency to another and transmitted from a sender to a receiver. Technically, this process is
implemented using nonlinear components such as diodes or transistors. However, the highest
operating frequency of this approach is limited to sub-THz bands. Here, we demonstrate the
upconversion of a weak sub-THz signal from a photoconductive antenna to multiple THz bands.
The key element is a high-mobilityHgTe-basedheterostructurewith electronic band inversion, leading
to one of the strongest third-order nonlinearities among all materials in the THz range. Due to the Dirac
character of electron dispersion, the highly intense sub-THz radiation is efficiently mixed with the
antenna signal, resulting in a THz response at linear combinations of their frequencies. The field
conversion efficiency above 2% is provided by a bare tensile-strained HgTe layer with a thickness
below 100 nmat room temperature under ambient conditions. Devices based onDiracmaterials allow
for high degree of integration, with field-enhancing metamaterial structures, making them very
promising for THz communication with unprecedented data transfer rate.

Frequency conversion is a key nonlinear phenomenon for wireless com-
munication technologies when a weak low-frequency signal is mixed
with a strong high-frequency carrier wave and transmitted from sender
to receiver1–3. The high carrier frequency allows for greater bandwidth,
enabling faster data transfer and improved network performance.
Due to the rapidly increasing demand for communication channels
with ever higher speed and capacity, it is inevitable that the current
microwave and mm-wave bands will be complemented with higher
frequency bands located in the sub-terahertz (0.1–0.3 THz) and ter-
ahertz (0.3–3 THz) frequency domains4–6. There are various approaches
for frequency mixing in the mm-wave and sub-THz spectral
regions based on different types of high electron mobility transistors7–9.
However, the practical implementation of on-chip frequency conversion
in the THz domain still faces enormous and largely unexplored
challenges.

Alternatively, frequency conversion can be achieved through four-
wavemixing (FWM),which is causedby the third-order susceptibility χ(3). A
similar process is utilized for optical wavelength conversion in fiber-based
telecommunication10. The conversion efficiency is proportional to χ(3)d,
where d is the nonlinearmedium thickness or the opticalfiber length. FWM
is also an essential tool for 2Dspectroscopy in theTHzdomain, particularly,
in narrow bandgap semiconductors11,12, polar liquids13, molecular crystals14

and low-dimensional heterostructures15.Due tomoderate χ(3) and/or smalld
in these experiments, the frequency conversion efficiency is either com-
parably low or not specified. Highly efficient THz FWM has been reported
for doped silicon16, provided by moderate χ(3) and large d = 275 μm17,18. The
FWM measurements have been performed for bulk material at cryogenic
temperature with the same incident frequencies, i.e., degenerate FWM,
resulting in the third harmonic generation (THG). In contrast, for Dirac
materials such as graphene19 and topological insulators16,20,21, record-high
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third-order nonlinearities have been observed, thus providing a promising
material platform to exploit FWM processes further.

Here, we report a highly efficient conversion of the sub-THz broad-
band signal fa = 0.1–0.5 THz from a photoconductive antenna (PCA)22 to
the two THz bands flow = 0.9–1.3 THz and fhigh = 1.5–1.9 THz under
ambient conditions. Our experimental setup is schematically presented in
Fig. 1a. As a pumpwave, we use narrow-band pulses from the superradiant
accelerator-based source TELBE with a frequency around fT = 0.7 THz23. A
Ti:sapphire amplifier synchronized with TELBE drives the PCA and also
serves as aprobe for the generated signals. FWMof theTELBE radiationand
antenna signal results in fhigh,low = 2fT ± fa.

As a reference, we first measure the frequency dependence of the field
conversion efficiency κ(flow) = Elow/Ea inmonolayer graphene. It is less than
0.5%, as presented in the Supplementary Note 3. In the case of highly
nonlinear HgTe-based heterostructures21, the upconversion efficiency is
significantly higher and can reach κ = 2.5% (Supplementary Fig. S6). This
observed enhancement does not follow a simple χ(3)d scaling, as the overall
efficiency depends onmultiple factors including the carrier scattering time τ
and the refractive indexnq. Usually, the performance of a frequencymixer is
described in terms of the conversion lossCL ¼ �20log10κ. It is presented in
Fig. 1b for five PCA frequencies fa,i corresponding to the interference
maxima in the sub-THz signal from the PCA (Supplementary Note 3). We
note that this result is obtained in bare material with a thickness of
only d = 70 nm.

Results
First, we measure the transmission of individual PCA and TELBE pulses
through our HgTe layer separately, i.e., without their overlap and at normal
incidence (Fig. 2a). To visualize their time-domain dynamics, we use
electro-optical sampling (EOS) as schematically depicted in Fig. 1a (details

are described in Supplementary Methods). We observe multiple re-
appearance of the pulses in the time domain due to reflection within the
sample (Fig. 2b). The fast Fourier transformation (FFT) of the TELBE pulse
results in a narrow peak at fT = 0.7 THz (Fig. 2c). Therefore, we use only the
primary EOS signal (the gray area in Fig. 2a) without considering the
reflections. This approach ensures that there are sufficient points on the FFT
peak to accurately represent it. The relevant PCA spectrum incident on the
HgTe layer requires consideration of the entire range in the time domain,
including several reflections Fig. 2a. The FFT of the PCA signal results in a
broad frequency band Ea(fa) ranging from 0.1 THz to 0.5 THz (Fig. 2c).
There are several interference peaks in the spectral domain (fa,i), and their
positions are identified from simulation of the multiple reflections (Sup-
plementary Note 3). Upon observing the interference pattern (Fig. 2c), we
reconstruct the initial PCA spectrum (Supplementary Fig. S5).

We experimentally verify THG at 3fT ≈ 2.1 THz using high-power
TELBE pulses with the maximum field strength Emax

T � 86 kV cm�1,
when they pass through the HgTe sample (Supplementary Fig. S4). From
these measurements, we obtain the third order nonlinearity
χ(3) ≈ 6.4 × 10−10 m2 V−2, which is comparable to the record value reported
for HgTe quantum well structures21 and graphene19 at room temperature.
Note that this value is underestimated, as the complex multilayer structure
of the sample and internalmultiple reflections arenot accounted.NoTHGis
detected for the PCA signal with lower field strength Emax

a � 6 kV cm�1.
Afterverifying the strongTHznonlinearity,wemix thePCAsignal and

TELBE beam in the HgTe sample. We use a combination of highpass,
bandpass and lowpassfilters to suppress spectral contributions below1 THz
fromthe fundamental harmonics ofPCAandTELBEaswell as above 2 THz
from the third harmonic of TELBE (Supplementary Methods). The
resulting time-domain signal is presented in Fig. 2d. The FFT of this signal
shows two THz bands fhigh and flow (shaded area in Fig. 2e). This is a direct
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Fig. 1 | Upconversion of the broadband sub-THz signal at room temperature.
a Schematic depiction of the experimental setup. High-power narrow-band THz
pulses from TELBE with a frequency fT = 0.7 THz are used as a pump wave. A
Ti:sapphire amplifier is synchronized with TELBE and drives a photoconductive
antenna (PCA). For the PCA, we used pulse energies of about 1 μJ with a pulse
duration of 35 fs. The broadband signal from the PCA fa = 0.1–0.5 THz is upcon-
verted to low and high THz bands using four-wave mixing (FWM) in a HgTe-based
heterostructure and detected using electro-optic sampling (EOS). The setup includes
band-pass filters (BPF) and low-pass filters (LPF) to select the desired spectral

components, as described in detail in the Supplementary Methods. b Conversion
loss of the antenna signal CL ¼ �20log10κðf a;iÞ in the low THz band flow = 2fT− fa,i.
Blue circles represent the experimental data. The vertical black dashed lines at
frequencies fa,i indicate the interference maxima in the PCA signal. The blue solid
line is a fit to an acceleration model. (c) The electronic band structure of the HgTe
Dirac semimetal with a thickness of 70 nm is calculated using a k ⋅ p model for
T = 300 K, as explained in the main text. The chemical potential μc, shown as red
dashed line, is determined based on the carrier concentration and self-consistent
calculation.
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manifestation of a highly efficient FWMprocesswhen the PCA frequency is
subtracted from or added to the doubled TELBE frequency, fhigh = 2fT+ fa
or flow = 2fT–fa, respectively. The field strength of the upconverted signal is
given by (Supplementary Note 2)

Eðf high;lowÞ / χð3Þd � Eaðf aÞET
2ðf TÞ cosðαÞ ; ð1Þ

with α being the angle between the linear polarization planes of the TELBE
and PCA waves.

Using Eq. (1) and the reconstructed spectra of the sub-THz fields from
TELBE ET(fT) and PCA Ea(fa) (Supplementary Note 3), we calculate the
spectrum of the upconverted signal E(fhigh,low). It is presented by the solid
red line in Fig. 2e and shows a qualitatively good agreement with the
experiment (the shaded area in Fig. 2e). The result of thisfit is recalculated to
the conversion loss, as presented by the solid line in Fig. 1b. The quantitative
discrepancy with our experimental data may be related to the non-
monotonic spectral characteristics of the bandpass filters. We also fit the
spectral dependence of the conversion efficiency using asymptotic behavior

κðf aÞ / 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð2πf aτÞ2

q
as shown in the Supplementary Fig. S3. The best

fit is achievedwith a scattering time τ ≈ 0.5 ps,which is longer than τ = 0.2 ps
obtained in our pump-probe experiments (Supplementary Note 1). Here,
we donot consider the energydependence of the scattering time τðEÞ, which
is neglected in Eq. (2). In addition to that,many electron bands are occupied
at room temperature (Fig. 1c), whichhave different contribution to the THz
conversiondue to different dispersion andpossibly different scattering time.

To examine the applicability of the acceleration model for the
description of FWM in HgTe Dirac semimetals with a long scattering time,
wemeasure angular dependencies as schematically depicted in Fig. 3a. First,
we verify that there is no statistically significant angular dependence in the
third harmonic of the TELBE beam (Supplementary Methods). Then, we
use a bandpass filter to selectively isolate the contribution from the lowTHz
band.We fix the orientation of the linear polarization of the PCA signal and
rotate the linear polarization plane of the TELBE wave. The maximum
upconverted THz signal in the time domain is observed when the TELBE
and PCA fields are parallel α = 0∘ or 180∘ and minimum when they are
perpendicular to each other α = 90∘ (Fig. 3b).

We then measure the spectrally integrated conversion efficiency
κ = Elow/Ea as described in the Supplementary Note 3. The angular
dependence κ(α) is presented in Fig. 3c. We observe a small but non-zero
efficiency coefficient for the perpendicular polarizations of the PCA and
TELBE fields. In the semiclassical approach of Eq. (1) (Supplementary
Note 2), these coefficients are predicted to be zero. However, this model is
oversimplified and neglects possible displacement in k-space during
momentumscattering.More advanced theoreticalmodels24,25 predict a non-
zero efficiency coefficient forα = 90∘, which alignswithourobservations.On
the other hand, the nonlinearity mechanism based on ultrafast heating and
cooling26,27 is expected to have little to no angular dependence.

One of themost important characteristics of the frequency conversion
is its dependence on the field strengths of the mixed waves, i.e., in our case
from TELBE and PCA. The corresponding dependences of the time-
domain signal in the low THz band are shown in Fig. 4a, b, respectively.
Figure 4c shows the spectrally integrated wave-mixing field Elow=E

max
low as a

function of ET. From a power-law fit to ðETÞβ, we obtain β = 1.6 ± 0.1 (the
dashed line in Fig. 4c). It is close to the expected value β = 2 from Eq. (1). A
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small discrepancy is related to the tendency to saturation for strong TELBE
pulses, approaching themaximumvalueEmax

T � 86 kV cm�1.We note that
similar behavior is observed for THG (Supplementary Note 2). This
saturation behavior can be attributed to a combination of carrier heating
and nonlinear electron dynamics, consistent with both acceleration-based
and thermodynamic (hot carrier) models of nonlinear transport in Dirac
materials19,24,26,28,29.

Figure 4 d presents the spectrally integrated FWM field Elow=E
max
low as a

function of Ea. Similarly to the previous case, we fit it to a power-law fit to
ðEaÞβ and we do observe linear dependence of Elow on Ea. This implies that
Elow = κEawithκbeing independent of thePCAfield strength in accordwith
Eq. (1). Finally, we examine the dependence of the conversion efficiency on
the delay between the TELBE and PCA pulses. For delay times up to 2 ps,
which is still shorter than the TELBE pulse duration but longer than the
scattering time, we observe no significant dependence with κ ≈ 2 %. The

time-resolved two-dimensional spectroscopy presented in the Supple-
mentary Note 3 manifests the coherent dynamics of highly mobile Dirac
carriers accelerated by sub-THz fields15.

With increasing time delay, there is a drastic decrease in the
upconversion coefficient κ = Elow/Ea (the inset of Fig. 4d). This decrease
can be attributed to the diminishing overlap of the two beams as the time
delay increases, resulting in reduced interaction between them. However,
two secondary smaller peaks can be seen at positive and negative delays,
which arise due to the signal/pump multiple reflections within the
sample.

Discussion
In summary, we have upconverted a broadband sub-THz signal from a
photoconductive antenna into THz bands using spectrally narrow intense
pulses as a pump source. We achieve a field conversion efficiency of above
2% under ambient conditions at room temperature without any field-
enhancing structures, corresponding to the intensity conversion loss less
than 30 dB. Such an exceptional performance of a 70-nm-thickHgTe-based
Dirac semimetal is ascribed to its very strong third-order susceptibility.
According to our theoretical consideration, it is caused by a nearly linear
dispersion of the surface Dirac states hybridized with bulk states and the
long scattering time of electrons in these states. The last is especially
important, as the third-order nonlinear response in theDrude regime scales
strongly with τ.

Although the upconversion efficiency increases with the interaction
length, it is fundamentally limited by absorption of the driving fields.
Based on Drude-model estimates using our measured scattering time
τ ≈ 0.2 ps, the effective absorption coefficient at 0.7 THz is approximately
αeff ≈ 540 cm−1. This yields an optimal thickness of dopt ≈ 8.5 μm for
maximizing the FWM signal, assuming frequency-independent absorp-
tion as a first approximation (Supplementary Note 2). This estimate
corresponds, in an idealized case, to converting nearly all incoming
photons at the antenna frequency (fa = 0.25 THz) into photons at the
upconverted frequency (flow ~ 1.15 THz). Because each upconverted
photon carries more energy, the field upconversion efficiency may, in
principle and without losses, exceed 100%. The coherence length for this
process is approximately 4400 μm, which is significantly larger than the
thickness of our samples. Therefore, phase mismatch effects are negli-
gible in our experiment, and coherence does not impose a practical limit
on the upconversion efficiency.

Because the conversion efficiency scales with the thickness of the
nonlinear medium, we expect its significant enhancement for superlattices
based on HgTe/CdTe heterostructures, similar to multilayered graphene
structures30. Alternatively, the use of hybridmetamaterial structures31,32 and
THz topological photonic structures integrated33 with high-mobility Dirac
materials could significantly improve the conversion efficiency and thus
reduce the conversion losses by20 dB, allowing forup- anddownconversion
of weak signals far above 100 GHz.

To contextualize the performance and integration potential of our χ(3)-
based four-wave mixing approach in strained HgTe, we perform a direct
comparison with representative photo-assisted THz communication
schemes, including electro-optic modulation (EOM)34–36, photomixing37–39,
χ(2)-based upconversion in inorganic and organic nonlinear crystals34,40 and
difference frequency spectroscopy on surfaces of perovskite oxides41. As
summarized in the Supplementary Note 4, our approach offers a sig-
nificantly higher third-order nonlinearity, that operates without external
bias or phase matching, and supports broadband, room-temperature
functionality in an ultrathin geometry, making it attractive for future
miniaturized THz systems.

While TELBE currently offers unmatched flexibility and field strength
for nonlinear THz experiments, the use of compact sources such as quan-
tum cascade lasers (QCLs)42 remains a promising avenue for future min-
iaturized or integrated nonlinear THz systems, especially when combined
with local field enhancement strategies such as metasurfaces or THz
resonators.
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Summarizing, we envision integrable THz devices based on Dirac
materials43,44 for on-chip signal modulation, mixing and, multiplexing in
the THz frequency domain with unprecedented channel capacity, which
may support data rates over 100 Gbps. With ultrawide bandwidths in
the THz frequency domain, wireless connectivity will open up new
possibilities for secure imaging, object positioning and intelligent
interfaces.

Methods
The HgTe layer has a thickness d = 70 nm, which was determined using
high-resolution x-ray diffraction (HRXRD) and x-ray reflectivity45, and is
grown by molecular beam epitaxy on a 〈001〉 CdTe substrate. The growth
followed a substrate preparation with HCl to remove the native oxide. The
HgTe layer is grown on top of a 110 nm Cd0.7Hg0.3Te buffer layer and
capped by a 55 nm Cd0.7Hg0.3Te cap layer to protect it from surface
oxidization46. The buffer and cap layers have a bandgap of 800meV. It is
larger than TELBE and FELBE (free-electron laser facility) photon energies,
ensuring that these layers are not excited in our experiments. Room tem-
perature Hall characterization yields n-type carrier concentration of
3.4 × 1012 cm−2.

Due to the lattice mismatch between the CdTe substrate and the
HgTe layer with the thickness d = 70 nm, a tensile strain opens a
bandgap between the heavy- and light-hole bands in HgTe trans-
forming it from bulk semimetal into a three-dimensional topological
insulator with protected gapless surface states at low temperature47,
which becomes Dirac semimetal at room temperature. The energy
dispersion EðkÞ is calculated using an eight-band k ⋅ p model within an
envelope function approach48, as presented in Fig. 1c46. This model
accounts for the strong coupling between the lowest conduction bands
∣Γ6; ± 1

2

�
and the highest valence bands ∣Γ8; ± 1

2

�
, ∣Γ8; ± 3

2

�
, and

∣Γ7; ± 1
2

�
. It is based on an envelope-function approach introduced by

Burt49, with a proper operator ordering in the Hamiltonian, to defini-
tively establish interface boundary conditions. The strain effects are
taken into consideration by applying a formalism introduced by Bir and
Pikus50. Then, using the experimentally obtained carrier concentration,
we determine the position of the chemical potential (Fig. 1c). It crosses
the conduction bands with a nonparabolicity coefficient η approaching
121, which is a necessary requirement for strong THz nonlinearity. This
nonparabolicity is caused by the hybridization of the surface Dirac
states and bulk states, which is further enhanced by the strong elec-
trostatic repulsion stemming from the high carrier density at room
temperature.

In the framework of the acceleration model21,24,28,51 and in the limit of
2πfTτ≪ 1, the third-order nonlinearity is proportional to

χð3Þ / ητ3υF
kF

: ð2Þ

Here, kF is thewavenumber andυF ¼ 1
ℏ
dEðkÞ
dk is the electron velocity averaged

over all conduction-like bands in the vicinity of the chemical potential μc
(Fig. 1c). According to Eq. (2), χ(3) scales as the third power of the scattering
time τ indicating that this parameter is crucial for strong THz nonlinearity.
Therefore, we perform two-color pump-probe experiment at the FELBE
facility to determine the scattering time τ of Dirac electrons in our system
(SupplementaryNote 1). FromaDrude-type fit of the THz conductivity, we
obtain the scattering time τ ≈ 0.2 ps, which is longer than in other Dirac
materials19,20,52,53.

Data availability
The data to reproduce figures from this study are available at RODARE,
2025, https://doi.org/10.14278/rodare.3885.
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