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Population inversion and ultrafast terahertz nonlinearity of transient Dirac fermions in Cd3As2
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Harmonic generation provides an efficient tool for the study of ultrafast nonlinear dynamics. We report on
time-resolved optical-pump terahertz harmonic generation spectroscopic investigation of ultrafast nonlinearity
in a prototypical three-dimensional Dirac semimetal, Cd3As2. A transient population inversion characterized
by excessive nonthermal Dirac electrons and holes is found to be very sensitive and responsive to a periodic
terahertz drive, leading to very efficient terahertz third-harmonic generation. Based on the Boltzmann transport
theory, we analyze the terahertz field-driven kinetics of the transient Dirac fermions that is responsible for the
observed strong terahertz nonlinearity.
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Transient states of matter far from thermal equilibrium
exhibit a rich variety of novel physical phenomena [1–4].
Investigation of these phenomena not only enriches our
understanding of the nonthermal states, but also offers un-
conventional means towards ultrafast control of quantum
materials [2,4]. In particular, the nonlinear optical response
of Dirac or Weyl semimetals is a very compelling subject
(see, e.g., Refs. [5–30]). For example, transition metal monop-
nictide Weyl semimetals with inversion-symmetry breaking
exhibit giant second-order nonlinear polarizability in the near
infrared to visible frequencies [7]; due to the Berry curvature
dipole, second-order topological response leads to nonlinear
Hall effects [5,17,21] or nonlinear Kerr rotation [6], which is
applicable for photodetection [17]; novel physical phenomena
emerge also from third- or higher-order nonlinearity of Dirac
or Weyl semimetals, such as the circular photogalvanic effect
[11] or high-harmonic generation [8–10,12–14,18,19]. The
studies of these phenomena allow one to address physical
problems, ranging from dynamical Bloch processes [8,10] and
topological effects [18,19,23] to strong electronic correlations
[16,27], and also provide interesting possibilities for applica-
tions [8,10,11,15,20,28,29].

Recently in the prototypical three-dimensional (3D) Dirac
semimetal Cd3As2 [31–34], a peculiar far from equilibrium
state of population inversion was revealed by time- and angle-
resolved photoemission spectroscopy (TrARPES) [35]. As the
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interband relaxation is much slower than for two-dimensional
(2D) Dirac fermions [36], the observed population inversion
in Cd3As2 is long lived with a lifetime of several picoseconds
(ps) [35] in contrast to 130 femtoseconds (fs) in the 2D system
[36]. Therefore, this 3D Dirac semimetal offers an opportunity
particularly suitable for the investigation of transient nonther-
mal states in the terahertz (1 THz ∼ 1 ps) frequencies, whereas
faster dynamical processes were often studied in the mid- or
near infrared, visible, or (extreme) ultraviolet range [1,3,4].
In this work, we investigate the THz dynamics far from
equilibrium and nonlinear responses of photoexcited transient
Dirac fermions corresponding to the population inversion in
Cd3As2. Our study reveals that the transient Dirac fermions
of the population-inversion state react rapidly and intensely to
a periodic THz drive, leading to strong THz third-harmonic
generation (THG).

High-quality thin films of Cd3As2 are grown by molecular-
beam epitaxy; see Ref. [37] for more details. For our optical
experiment, the sample surface is parallel to the crystal-
lographic (112) plane with a thickness of about 60 nm.
Time-resolved nonlinear spectroscopic experiments are car-
ried out based on a femtosecond laser system for a wavelength
of 800 nm, pulse duration of 100 fs, and repetition rate
of 1 kHz. Broadband THz radiation is generated through a
tilted pulse-front scheme utilizing a LiNbO3 crystal (see, e.g.,
Refs. [38–40]), while narrowband THz radiation is obtained
by using a bandpass filter. For a bandpass filter of central
frequency f , the transmission is characterized by a full width
at half maximum of 0.2 f and an out of band transmission
of <−30 dB. The THz electric field is characterized through
electro-optical sampling at a ZnTe crystal [41].
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FIG. 1. (a) Emitted THz electric field from Cd3As2 with and
(b) without an 800 nm optical pump of a fluence of 0.96 mJ/cm2

at a time delay tpd = −2.3 ps, recorded after a 3 f -bandpass filter.
(c), (d) Fourier transform spectra of the time-domain data in (a),
(b), respectively, exhibit third-harmonic generation. Insets in (c), (d):
Illustration of the THz THG measurements with and without 800 nm
pump, respectively.

Cd3As2 is a well-established 3D Dirac semimetal whose
band structure in the vicinity of the Fermi level is charac-
terized by one pair of Dirac cones without trivial parabolic
bands [31–34]. The inversion symmetry of its crystal structure
with a space group P42/nmc dictates a vanishing second- or
higher even-order nonlinear optical response. Hence we focus
on the study of third-order nonlinearity. To investigate the
THz nonlinear response of the population-inversion state, we
synchronize an 800 nm pump pulse to an intense multicycle
THz drive pulse with a central frequency of f = 0.35 THz
and a peak field of 120 kV/cm [see inset of Fig. 1(c) for an
illustration]. According to previous reports [42,43], the initial
interband photoexcitation of electrons and holes is followed
by a fast relaxation towards the Dirac cones at the Fermi
energy with a typical relaxation time �100 fs, leading to the
formation of population inversion at the Dirac cones since
there are no other bands around the Fermi level [35].

With the 800 nm pump, we indeed observe a strong THz
third-harmonic emission, whose temporal trace is presented
in Fig. 1(a) for a pump fluence of 0.96 mJ/cm2 at a time
delay tpd = − 2.3 ps. The minus sign indicates that the 800 nm
pump pulse arrives later than the maximum peak of the THz
drive pulse, while the overall duration of the THz pulse is
about 20 ps [see Fig. 2(c) for its waveform]. The spectrum
from Fourier transformation of the time-domain THG signal
is shown in Fig. 1(c). Besides a strong peak around 3 f , a
weak peak corresponding to the fundamental frequency is
still discernible. To quantify the nonlinear response of the
population-inversion state, we measure the THz THG also
without the 800 nm pump and display the result in Figs. 1(b)
and 1(d) for the time and frequency domains, respectively.
Without the pump, the peak electric field of the THG reduces
to about 1

3 , while the integrated THG intensity drops to only
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FIG. 2. (a) Optical pump-induced amplitude change of transmit-
ted terahertz peak electric field �E/E (corresponding to tgate = 0 ps)
as a function of pump-probe delay tpd. The optical pump fluence is
0.33 mJ/cm2. (b) Pump-induced temporal amplitude depletion �E
of the multicycle terahertz driving field for various positive and
negative tpd’s. The dashed line corresponds to the curve in (a). (c)
Time trace of the multicycle terahertz driving field with a central
frequency of f = 0.35 THz and peak-field strength of 120 kV/cm.
(d) Time traces of the third-harmonic radiation for the same tpd’s in
(b), recorded after a 3 f -bandpass filter. Two different THG traces are
marked by (3 f )α and (3 f )β .

10% of the value with the pump. This corresponds to a de-
crease of the third-order nonlinear susceptibility from χ (3) =
E(3 f )

E3
( f )

= 8.0 × 10−13 to 2.5 × 10−13 V−2 cm2, where E(3 f ) and

E( f ) represent the amplitude of the third-harmonic gener-
ation and fundamental frequency, respectively. It is worth
noting that broadband THz emission can be photoinduced
in Dirac or Weyl semimetals due to photogalvanic effects
(see, e.g., Ref. [44]) or photothermoelectric effects (see, e.g.,
Ref. [45]), which requires specific optical alignment and/or
sample preparation. In our experiment we have avoided these
conditions by an off-alignment of the pump pulse; therefore
without the THz drive pulse the 800 nm pump pulse alone
cannot lead to the observed strong third-harmonic radiation
[41].

In comparison with the THG spectrum without a pump,
the peak position of the optically enhanced THG spectrum
[cf. Figs. 1(c) and 1(d)] is shifted slightly towards a lower
frequency by about 0.07 THz. As will be shown below, there
are in fact two different THG components, as denoted by
(3 f )α and (3 f )β , in the presence of the optical pump, where
the (3 f )α signal appears due to the optical pump and charac-
terizes the nonlinear response of the nonthermal states of the
population inversion. Related to the optically induced (3 f )α
signal the apparent slight frequency shift arises because the
THz drive pulse has slightly more spectral weight on the
lower-frequency side than on the higher-frequency side. In
the presence of the optical excitation, the lower-frequency
side of the THG gains stronger enhancement than the higher-
frequency side.

To understand the strong nonlinear response of the non-
thermal states corresponding to the population inversion,
we comprehensively characterize the linear and nonlinear
responses of the optically excited nonequilibrium states. The
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results obtained through the linear- and nonlinear-response
channels are presented in Figs. 2(a) and 2(b), and Fig. 2(d),
respectively, with varying the time delay tpd between the
800 nm pump and the THz pulse. We first measure the changes
of the transmitted THz peak field �E/E induced by the
800 nm pump. As shown in Fig. 2(a), for a pump fluence
of 0.33 mJ/cm2 the transmitted THz field is reduced by up
to 30%. This reflects a transient enrichment of electrons and
holes due to the photoexcitation, which has been directly
observed by TrARPES [35]. The relaxation process shown in
Fig. 2(a) can be well approximated by a single exponential de-
cay function with a characteristic relaxation time of 7.7 ps, in
good agreement with previous reports [42,43]. According to
the TrARPES study [35], this relaxation process corresponds
to electron-hole recombination from the transient population-
inversion state at the Dirac nodes.

For various time delays tpd, the pump-induced amplitude
changes of the overall waveform of the multicycle THz pulse
are presented in Fig. 2(b), while the original THz waveform
is given in Fig. 2(c). The pump-induced changes are always
amplitude depletion of the terahertz electric field, meaning
an enhanced absorption due to the increased charge-carrier
density of the nonequilibrium states, which occurs only af-
ter the arrival of the pump pulse at the sample. For a large
negative time delay, e.g., tpd = –12 ps, which means that the
800 nm pump pulse arrives way behind the THz peak, only
a negligible amplitude change is detected at the tail of the
THz pulse. In contrast, a strong amplitude change is observed
around tpd = 0 ps. These results clearly show that by using the
multicycle THz pulse to probe the nonequilibrium states, we
can properly capture the relatively slow interband relaxation
dynamics corresponding to the electron-hole recombination
at the Dirac cones. While the initial fast relaxation gov-
erned by electron-electron interactions is typically �100 fs,
the resolved lifetime of the transient population-inversion
state is rather long [35], e.g., 7.7 ps for a pump fluence of
0.33 mJ/cm2. Such a long lifetime is several times greater
than the period of the 0.35 THz drive (about 2.86 ps), which
is essential for the observed strong transient THz nonlinearity.
It is worth noting that with a pump of much higher fluence,
coherent phonon excitations were reported [46,47], which is
invisible for the present experimental setting.

The results obtained through the channel of the THz third-
order response are summarized in Fig. 2(d). In comparison
with the situation without optical excitation, a strongly en-
hanced terahertz THG signal is observed at tpd = 0 ps, similar
to the data in Fig. 1. By shifting tpd towards the negative
direction, the third-harmonic yield first remains almost invari-
ant and then decreases continuously. An important dynamic
feature appears when the 800 nm pump pulse is shifted away
but not too far from the THz maximum peak-field position.
At tpd = −8 ps, one can clearly see two different THG traces
which are well separated in the time domain. The one appear-
ing earlier (from tgate = 0 to ∼ 7.5 ps) is less intense than the
one observed later (after tgate = 7.5 ps), which are denoted
by (3 f )β and (3 f )α , respectively. This feature is crucial for
our understanding of the strong nonlinear response of the
population inversion.

In contrast to the (3 f )β signal, which appears at the same
time delay as the THG signal without the optical pump [see

Fig. 2(d)], the (3 f )α signal shifts in the time domain with
varying tpd. Therefore, the (3 f )α signal reflects the nonlinear
THz response of the photoexcited transient Dirac electrons
and holes. When the optical pump pulse is well ahead (e.g.,
tpd = 8 ps) or behind (e.g., tpd = −12 ps) the THz drive pulse,
the (3 f )α signal essentially vanishes, leaving only the (3 f )β
signal observed in the time traces. In contrast, when the two
pulses overlap, the two THG signals are not distinguishable
in the time domain and the overall THG is significantly en-
hanced. A more detailed measurement as a function of tpd

shows that the optically induced (3 f )α signal becomes re-
solvable for tpd � 5.4 ps (see Ref. [41]). It should be noted
that this time delay should not be understood as a critical
value, e.g., for a phase transition, but rather reflects a char-
acteristic timescale within which the nonlinear response of
the population-inversion state is experimentally resolvable.
With varying polarization of the 800 nm or the THz pulse,
we found no evident polarization dependence [41], which is
clearly different from other effects with strong polarization
dependence, such as photogalvanic [44] or photothermoelec-
tric effects [45].

To further investigate the THz nonlinearity due to the op-
tically excited nonthermal Dirac fermions, we monitor the
evolution of the third-harmonic radiation by gradually in-
creasing the pump fluence. In particular, we fix the time delay
at tpd = 2.7 ps, where we can clearly see two temporally
separated THG signals. As shown in Fig. 3(a), while at zero
fluence only the (3 f )β radiation is observed, a weak (3 f )α
signal is discernible already at a very low pump fluence
of 42 µJ/cm2 which appears well before the (3 f )β traces.
With increasing fluence the intensity of the (3 f )α signal in-
creases continuously, whereas the (3 f )β signal is substantially
suppressed at high fluences. The fluence dependence of the
integrated intensity for the two THG traces is summarized in
Fig. 3(d). These results clearly show that the two THG signals
are not only of different origins but also appear to compete
with each other.

We can understand the observed dynamical behavior by
scrutinizing the pump-induced THz absorption for the corre-
sponding pump fluences [Fig. 3(b)]. With increasing fluence
the absorption of the THz field is enhanced, and concomi-
tantly the relaxation time increases from about 5 ps at
12 µJ/cm2 to 9 ps at 0.50 mJ/cm2 [Fig. 3(c)]. Since the slow
relaxation processes correspond to electron-hole recombina-
tion at the Dirac cones [35], the increase of pump fluence not
only leads to an enhanced density of the nonthermal Dirac
fermions (electrons and holes), which is reflected by the in-
creased THz absorption [Fig. 3(b)], but also gives rise to an
increase in the lifetime of the population inversion [Fig. 3(c)].
These two effects are both in favor of yielding the (3 f )α
radiation, which is generated nearly instantaneously after the
optical pump, whereas the THG without the photoexcitation
[i.e., the (3 f )β traces] is rather retarded: An increased lifetime
of the transient Dirac fermions of a few picoseconds allows
the THz field to adequately drive the nonthermal Dirac elec-
trons and holes before their recombination, leading to stronger
nonlinear current and thereby highly enhanced third-harmonic
generation. A higher density of excited Dirac fermions can
carry a greater nonlinear current density. In contrast, the
retarded (3 f )β harmonic radiation is further reduced with
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FIG. 3. (a) Temporal traces of THz THG for various 800 nm
pump fluences at a time delay tpd = 2.7 ps, which is indicated by the
arrow in (b). In comparison with the trace without the pump, which
is marked by (3 f )β , an additional third-harmonic trace is observed at
an earlier time due to the optical pump, which is marked by (3 f )α . (b)
Pump-induced amplitude changes of the transmitted electric field of
the THz drive pulse as a function of tpd for the corresponding pump
fluencies in (a). The dashed line in (b) presents an exponential fit.
(c) Relaxation time as a function of pump fluences as obtained by
simulating the experimental data in (b) using an exponential function.
(d) Intensity of the observed third-harmonic traces (3 f )α and (3 f )β
versus pump fluence.

increasing pump fluence, because at a higher pump fluence
more transient Dirac fermions are already created at an earlier
time, resulting in an increased absorption of the THz field in
the linear response [see Fig. 2(b)] and an enhanced generation
of the (3 f )α radiation.

To gain a quantitative understanding of the observed tran-
sient nonlinearity, we analyze the THz field-driven kinetics of
the Dirac fermions based on the Boltzmann transport theory
[18,41]. To clarify the role of the long-lived population-
inversion state in the observed third-harmonic emission, we
study the dependence of the third-harmonic radiation on two
crucial parameters – the lifetime of the population inver-
sion Tlife and the density of the photoexcited Dirac fermions
�n/n0. Specifically, we consider the chemical potential to be
time dependent, which decays exponentially and is given by

μ(e)(t ) = μ
(e)
0 + μ

(e)
0 [(1 + �n

n0
)
1/3 − 1]e− t+tpd

Tlife for electrons,

and μ(h)(t ) = v
(h)
F

v
(e)
F

μ
(e)
0 ( �n

n0
)
1/3

e− t+tpd
Tlife for holes [41]. Here n0

denotes the upper-band electron density without the pho-
toexcitation (see Fig. 4, inset). We adopt the experimental
parameters [32] of the Cd3As2 thin film for our simulation,
i.e., the initial chemical potential μ

(e)
0 = 0.2 eV, Fermi ve-

locity for electrons v
(e)
F = 7.8 × 105 m/s, and holes v

(h)
F =

1.3 × 106 m/s.
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FIG. 4. Theoretical analysis of terahertz-driven kinetics of
population-inversion state. Normalized intensity of THz third-
harmonic generation as a function of photoexcited electron density
�n with respect to the electron density in the equilibrium state n0.
The lifetime Tlife of the population inversion is varied from infinity
to 2 ps. The time delay between the optical pump and the THz drive
pulse is fixed to tpd = 5.4 ps. The inset illustrates a transient state of
population inversion.

Figure 4 presents the theoretically obtained third-harmonic
radiation as a function of photoexcited electron density for
various lifetimes Tlife of the population-inversion state. In
this representation the time delay between the optical pump
pulse and the THz drive pulse is fixed to tpd = 5.4 ps, which
corresponds to the appearance of the THG in our experiment
[41]. We note that the photoexcited hole density is the same as
the photoexcited electron density, which is not explicitly men-
tioned in the representation. In our simulation, the parameter
of chemical potential corresponds to the highest energy level
one can reach by filling all electrons in the upper Dirac band.

The most efficient THG is observed for an infinite life-
time of the population-inversion state, i.e., Tlife = ∞, which
corresponds to no electron-hole recombination. Starting from
the initial equilibrium state, the third-harmonic emission is
enhanced monotonically with increasing photoexcited charge-
carrier density. One can see from Fig. 4 that the efficiency
of the THz third-harmonic yield drops evidently when the
lifetime of the population-inversion state decreases. For in-
stance, at Tlife = ∞ an enhancement of THG intensity by 10
times is achieved with a photo-doping level of �n/n0 = 1.7,
while to reach the same enhancement it requires �n/n0 = 5
for Tlife = 12 ps. It is interesting to remark that even when Tlife

is slightly smaller than tpd, one can still observe weak but finite
third-harmonic yield from the photoexcited states under the
strong THz drive (see the Tlife = 2 ps curve in Fig. 4). This
is because Tlife is a characteristic value rather than a critical
value. Within the timescale of tpd, a minor fraction of the
photoexcited charges remains unrelaxed. However, when tpd

is significantly greater than Tlife, no enhancement of THG
can be obtained which is consistent with the experimental
observation.
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To conclude, we have observed a strong THz nonlinear
response of the optically excited transient Dirac electrons
and holes in the 3D Dirac semimetal Cd3As2. The relevant
transient far from equilibrium state is featured by a relatively
long-lived population inversion of the electrons and holes at
the Dirac cones with a picosecond characteristic lifetime. This
population inversion under a strong terahertz drive yields very
efficient third-harmonic radiation. The involved nonlinear ki-
netics can be understood based on the Boltzmann transport
formalism. We anticipate that our findings will motivate fur-
ther studies of the ultrafast nonlinearity not only for the Dirac
or Weyl fermions in semimetals, but also for field-driven
charge and/or spin transport in semiconductors or magnetic
heterostructures.
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