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We report strong terahertz (~10" Hz) high harmonic generation in thin films of Cd;As,,
a three-dimensional Dirac semimetal at room temperature. The third harmonics is
detectable with tabletop light source and can be as strong as 100 V/cm by applying the
fundamental field of 6.5 kV/cm inside the film, showing an unprecedented efficiency for
terahertz frequency conversion. Our time-resolved terahertz spectroscopy and
calculations also clarify the microscopic mechanism of the nonlinearity originating in the
coherent acceleration of Dirac electrons in momentum space. Our results provide clear
insights for nonlinear current of Dirac electrons driven by terahertz field under an
influence of scattering, paving the way toward novel devices for high-speed electronics

and photonics based on topological semimetals.



Realization of intense phase-stable light fields has revealed highly-intriguing nonlinear and
nonperturbative light-matter interactions. A prominent example is high harmonic generation
(HHG), i.e., the production of coherent high-energy photons by photon-energy multiplication,
which has been developed in gaseous media for attosecond science [1] and also utilized for
high-resolution angle-resolved photoemission spectroscopy (ARPES) [2]. More recently,
HHG in semiconductors with mid-infrared (IR) excitation has been reported [3,4], opening a

new route toward laser-based stable and compact soft X-ray sources.

Efficient third harmonic generation (THG) in terahertz (THz) frequency has been also
reported in a superconducting film resonating with a collective mode [5]. Realization of such
strong THz nonlinearity at room temperature is highly desired for high-speed electronics and
for frequency mixing in sensitive detection of far-infrared wave. From this perspective,
graphene, a two-dimensional (2D) honeycomb carbon sheet, has attracted tremendous attention
because it hosts massless Dirac electrons and their current flow across the Dirac node is
expected to exhibit remarkably large nonlinearity [6-13]. The nonlinearity in the current arises
from drastic change of electron velocity across the Dirac node under intraband acceleration
(See Supplemental Material [14]). THz HHG in graphene has, however, long evaded
experimental detection. A signature was first reported in a 45-monolayer graphene at cryogenic
temperature [15]. The difficulty of observing THz HHG in graphene has been attributed to fast
carrier scattering, which could hamper coherent carrier transport at THz timescales [16], and
thus, attention has been shifted to HHG by mid-IR excitation at higher light frequency that
exceeds the scattering rate [17-20]. Followed by observation of THz THG in a 2D Dirac system
at the surface of a topological insulator [21], very recently the THz HHG in graphene was
clearly demonstrated by using very intense light sources based on large accelerators [22]. The
nonlinear coefficients in graphene was found to be much larger than typical materials, whereas
the conversion efficiency is limited by its monolayer nature. Therefore, realizing higher
conversion efficiency in a bulk material is desired for practical application. Another issue to be
resolved is the origin of THz HHG in graphene, which was explained by a thermodynamic
model where electrons are assumed to be in quasi-equilibrium with repeating heating/cooling
processes very rapidly within THz timescale [22,23]. Such a picture of incoherent electron
dynamics is an essentially different mechanism from that originally proposed as a source of
large nonlinearity in massless Dirac systems [6-13]. A recent time-resolved ARPES for a
topological insulator has reported ballistic current of Dirac electrons driven by THz pulse [24].
Getting deeper insight into the microscopic dynamics of Dirac electrons in the high field
regime under the influence of scattering is essential as well as is finding other bulk candidates
for efficient THz HHG.

In this Letter, we investigate THz nonlinear transmission in thin films of the
three-dimensional (3D) Dirac semimetal Cd;As; and report the observation of THz harmonic

generation to the extent that it is observable with a tabletop light source at room temperature.
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We also perform time-resolved THz spectroscopy to reveal the ultrafast dynamics of Dirac
fermions during the THG process. These results provide evidence for the remarkable THz
nonlinearity originating from coherent intraband acceleration of Dirac electrons, as shown in
Fig. 1(a), which is in good agreement with the calculation including the scattering. Our
results provide deeper understanding of Dirac electron current and show the path forward to
design efficient frequency-conversion devices that are based on the remarkable features of

topological semimetals.

Samples consisting of (112) CdsAs; thin films with 240-nm thickness are epitaxially
grown on a GaSb buffer layer on a GaAs substrate [25,26]. The band structure of Cd;As; has
two Dirac nodes near the I" point and quasi-linear band dispersion up to the energy scale of
~1 eV [27,28]. Considering the low concentration and the effective mass of carriers, the
Fermi energy Ep is estimated to be as small as ~50 meV above the Dirac nodes [29]. We
performed THz time-domain spectroscopy to evaluate the linear response [14]. Figures 1(b)
shows the real and imaginary THz conductivity with the fitted results using the Drude model.
The scattering time 7 is 145 fs at 300 K, which is longer than usual metals and graphene.
Such long scattering time is often observed in 3D Dirac or Weyl semimetals with prohibited
backward scattering [30]. Interestingly, 7, becomes longer at higher temperature [14], which
might be accounted for by the screening of scattering by long-range Coulomb disorders
[31-33].

For nonlinear spectroscopy intense THz pulses are generated by the tilted-pulse-front
scheme [34,35] with bandpass filters at f=w/21=0.8 THz [14]. The peak field is 31 kV/cm
in atmosphere. Figure 1(c) shows power spectra of the THz pulse after transmitting through
the Cd;As; sample. A sharp peak of THG is clearly observed at 3f=2.4 THz. Clearer data of
the fifth harmonics are shown in Supplemental Material [14]. For comparison, we examined
monolayer graphene on a SiC substrate with the same excitation condition and also found the
THG signal there as well. In contrast, a reference substrate of GaSb/GaAs shows no THG.
Figure 1(d) shows the THG field amplitude as a function of the incident fundamental field
strength  E,y,mp. The data scale as ~Egump for weaker field regimes, but they saturate for
stronger excitation, showing nonperturbative behavior. In the perturbative regime for
graphene, we estimated the nonlinear coefficient ¥ as ~10" m*V, which is consistent
with the previous literature [22] reporting y™ to be 7-18 orders of magnitude larger than
typical materials. Compared to graphene, the transmitted fundamental wave for Cd;As; is
smaller because of the Fresnel loss; the most part of the incident THz wave is reflected at the
metallic surface and only the field of 6.5 kV/cm is applied inside the Cd;As; film.
Nevertheless, the detected THG for Cd;As; is stronger than that for graphene, which exhibits
much greater conversion efficiency in CdsAs,. The THG field amplitude is as strong as 100

V/em. The Fresnel reflection loss can be avoided by anti-reflection coating on the film or



directly applying the field via contact electrodes, which will generate further stronger

harmonics as a realistic frequency conversion for ultrafast electronic application.

To explore the microscopic picture of the efficient HHG mechanism in Cds;As,, we
performed two types of THz pump-THz probe spectroscopy (TPTP) [5,36,37]. See details in
Supplemental Material [14]. Figure 2(a) shows a schematic of TPTP with a broadband short
pump pulse with a maximum peak field of 50 kV/cm in air and center frequency of 2 THz.
Figure 2(b) shows the probe THz waveform E,,,p. as a function of the probe delay t,
against the gate pulse for the electro-optic sampling. Figure 2(c) shows a 2D plot of the
change of the probe waveform by THz pump, 8E,,,p.. With fixing t, at the peak of the
probe pulse, we plot §E,,p as a function of the pump delay t; in Fig. 2(d). §E,,ope
grows just after the pump arrives and then decays slowly, indicating dynamics induced by the
THz pump. The small dip at t;~8 ps originates from the reflected THz pump pulse from the
back surface of the substrate. Here the probe polarization is perpendicular to the pump
(Eprobe L Epump), but we confirmed that the result is similar with the case of E,yope |l
E,mp [14]. By Fourier transformation, the time-dependent conductivity spectra o(w, t;)
are obtained. Figures 2(e) and 2(f) show the real and imaginary parts of o(w,t; = 5 ps).
Except for the very fast timescale within the pump pulse duration (t;<2 ps), the conductivity
spectra are reasonably fitted by the Drude model, and the fitting parameters of the carrier
density N and the scattering time 7, are plotted in Figs. 2(g) and 2(h) as a function of ¢t;.
The increase of N implies that electrons are excited to the conduction band by the THz
pump. According to the increase of the carrier density and electron temperature, 7 also
increases and then slowly decays. It could be accounted for by the screening effect of
long-range Coulomb impurity scattering [31-33] and is consistent with the temperature
dependence of the equilibrium results [14]. By fitting the relaxation of carrier density with an
exponential decay considering multiple reflections of the pump pulses, the relaxation time g
was evaluated to be ~8 ps, which is consistent with previous pump-probe studies for Cd;As;
with near- and mid-IR excitation [38-40]. In contrast to the case of rapid cooling in graphene
(<<1 ps) [41], the relaxation time Tz~8 ps in CdszAs; is much longer than the THz field cycle,
indicating that, unlike graphene, the rapid heating/cooling cycles do not occur during the THz
wave irradiation. In fact, fort this slow relaxation, we performed the thermodynamic-model
calculation in Supplemental Material [14] and confirmed that this model cannot reproduce the

efficient THG with realistic parameters.

The nonthermal mechanisms of HHG in solids have been discussed in recent literatures
in terms of the interband polarization and intraband current [4]. The contribution of interband
polarization on HHG, which might be dominant in semiconductors with mid-IR excitation,
cannot dominate for THz frequencies since the dephasing time is much shorter than the field
cycle and therefore the short-lived polarization cannot emit low-frequency light [42,43]. Note

that the interband transition could occur in the Dirac semimetal with supplying additional
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population of carriers to contribute nonlinear current. However, the increase of the carrier
density observed in Fig. 2(g) was only 20 % even for the broadband intense pump pulse with
the center frequency of 2 THz and the peak field of 50 kV/cm. Since Ez~50 meV is larger
than the incident THz photon energy (~several meV), the interband transition is not efficient
due to the Pauli blocking. For the THG experiment in Fig. 1(c), the interband excitation
would be further small because of the lower frequency of 0.8 THz and weaker field strength
of 31 kV/cm. Therefore, the results indicate that the interband transition is not a major effect
for efficient THG and that the intraband current is the main source of this nonlinearity. A

similar situation in a doped Dirac system has been discussed in a previous calculation [12].

To obtain further insight into the dynamical evolution during the THz THG process, we
also performed another TPTP with quasi-monochromatic pump waveform as schematically
shown in Fig. 3(a) (For details, see Supplemental Material [14]). Figure 3(b) shows the pump
waveform with f=0.8 THz and the change of the probe field §E,,,p. as a function of t;
during the pump irradiation. For the case of E,rope Il Epymp» an oscillation signal is
discerned on the slow-rising incoherent carrier excitation. Figure 3(c) shows its Fourier
component with a peak frequency at 1.6 THz. This result means that the THz conductivity
oscillates in time with the frequency 2f during the pump irradiation. Such a coherent
oscillation in pump-probe signal under phase-stable pump field can be observed generally
with subcycle time resolution [44]. Note that the “2f-oscillation” in the pump-probe signals
directly corresponds to the THG in the transmission of the pump because the nonlinear 3 f
current arises from the oscillating conductivity with frequency 2f, as also studied in
superconductors [5] (See more details in Supplemental Material [14]). Importantly, for the
case of Eprope L Epymp» the 2f-oscillation signal is hardly seen in time domain and quite
small compared to the case of Ep;ope | Epymp- This is in a stark contrast to the case of
superconductors [5], where the 2f-oscillation was clearly observed in Eprope L Epymp; there
it is because the s-wave order parameter oscillates in time, which results in the isotropic
change of the conductivity [45]. If the THG is described by the thermodynamic model [22],
the change of the conductivity is also isotropic. Our results for Cd;As; are, however, clearly
distinct from these models and shows that the nonlinearity manifests itself almost only for the
pump polarization direction. The result can be well explained by the intraband current. When
electrons are accelerated by the pump field, the electron distribution function moves rapidly
back and forth in the momentum space along with the pump polarization direction, but it
appears as if "nothing happens" in other probe polarization directions, which is observed as

the anisotropic 2 f-oscillation.

Both of our TPTP experiments strongly indicate that the electrons are quite nonthermal
under THz field and therefore the intraband current of accelerated electrons is the main
source of the extremely efficient THG. Here we calculated the nonlinear current considering

(i) the intraband acceleration in a simple linear dispersion model with 7,=145 fs and (ii) the
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thermodynamic model with 7z=8 ps [14]. Figure 4(a) shows the HHG spectra for both
models with the incident field Epymp=31 kV/cm. Figure 4(b) shows the calculated THG
amplitudes for both models as a function of E,;,, in comparison with the experimental
data. The intraband acceleration model can reproduce the value of the THG amplitude within
the factor of 2 and its saturating behavior even in the simplified model. On the other hand, the
thermodynamic model strongly saturates with smaller THG amplitude because the heating

piles up due to the long relaxation time, which cannot account for the experimental results.

One might think that such a nonlinear current from accelerated electrons would be
significantly suppressed by the scattering since the scattering rate 1/74~7 THz is much faster
than the pump frequency of 0.8 THz. However, note that even in this case the nonlinear
current by coherent acceleration can appear as long as the electrons are driven into an
unbalanced momentum distribution before the scattering. The comparison between 1/t
and f is not important, and we should compare t; with the time for building up the
unbalanced electron momentum distribution. As an extreme example, when an electric field
E, cos(2mft) is applied inside the film, the time required for accelerating electrons from the
Fermi surface to the Dirac node can be estimated by the acceleration theorem [14] as

t' = isin‘1 (ﬂi),
E, evp
where vy=0.93x 10° m/s is the Fermi velocity [27]. It gives t'~85 fs for Ey=6 kV/cm and
Er=50 meV, which is shorter than 7,=145 fs. Importantly, t' is not sensitive to the
frequency f. Therefore, the electrons are coherently accelerated by several-kV/cm THz field
to form a quite nonthermal momentum distribution before the scattering and contribute to the

nonperturbative HHG even for the low-frequency driving force.

Figure 4(c) shows the calculated result of the THG amplitude as a function of 7, for
the peak fields of 3 and 6 kV/cm inside the film and f=0.8 THz. If 7, is longer than ~85 fs,
the THG amplitude strongly saturates into the nonperturbative regime and behaves as if in the
long-7; limit. Therefore, 7,~150 fs in this material is “long enough” for nonperturbative
intraband acceleration driven by a few-kV/cm field. Figure 4(d) shows the 2D plot of electron
distribution in the momentum space driven by the field in comparison with equilibrium. A
few-kV/cm THz field inside the film induces substantial unbalance of the intraband electron
distribution in the pump polarization direction. Note that such a nonthermal population of
Dirac electrons driven by a THz field has been also recently demonstrated in a time-resolved
ARPES in a topological insulator [24].

In conclusion, we observed the extremely efficient THz THG in the Dirac semimetal
CdsAs,. Our TPTP experiments as well as the calculations clearly demonstrate that the THz
field coherently accelerates Dirac electrons. In spite of the presence of the scattering,

several-kV/cm THz field can drive the system into a nonthermal, unbalanced momentum
6



distribution before the scattering, which generates nonperturbative nonlinear current. Even
longer scattering times might be achieved in other topological semimetals with massless
dispersion, which will show stronger frequency conversion perhaps in sub-kV/cm field
strength. The results in this work opens a new pathway to develop a novel frequency

convertor in THz frequency based on Dirac semimetals.
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